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Abstract: Photoactive nanomaterials are receiving increasing attention due to their potential
application to light-driven degradation of water and gas-phase pollutants. However, to exploit
the strong potential of photoactive materials and access their properties require a fine tuning of
their size/shape dependent chemical-physical properties and on the ability to integrate them in
photo-reactors or to deposit them on large surfaces. Therefore, the synthetic approach, as well as
post-synthesis manipulation could strongly affect the final photocatalytic properties of nanomaterials.
The potential application of photoactive nanomaterials in the environmental field includes the
abatement of organic pollutant in water, water disinfection, and abatement of gas-phase pollutants in
outdoor and indoor applications.

Keywords: photocatalysis; nanomaterials; advanced oxidation processes; water treatments;
recalcitrant pollutants; gas-phase pollutants; NOx; VOCs; building materials; disinfection

1. Introduction

In recent years, one of the most important concerns of the scientific community and society has
been health and environmental protection via the smart and sustainable use of natural resources. In this
context, water resources are gaining increasing attention due to the occurrence of emerging pollutants
including dyes, pharmaceutical and personal care products, endocrine disruptors, and pathogens [1,2].
Moreover, the increasing amount of atmospheric pollutants has been regarded among the main causes
of respiratory diseases such as emphysema and bronchitis, which arise from the contact of NOx and
lungs [3]. Unfortunately, conventional pollution remediation methods show limited performances. For
instance, in the field of water treatment adsorption or coagulation, such methods aim to concentrate
pollutants by transferring them to other phases for example, sedimentation, filtration, chemical, and
membrane technologies involve high operating costs and can generate toxic secondary pollutants
in the ecosystem [4] and chlorination, although widely used in disinfection processes, can generate
by-products associated with cancer or other pathologies [5].

It turns out that the interest of the scientific community has been focusing on alternative methods
such as the “advanced oxidation processes (AOPs)”. AOPs are convenient and innovative alternatives to
conventional wastewater and air treatment processes aiming to accomplish the complete mineralization
of organic pollutants (i.e., their conversion into safe by-products such as O2, H2O, N2, and mineral
acids) [6,7].

Among AOPs, semiconductor-based photocatalysis has recently emerged as a promising air/water
treatment [8]. Photocatalysis takes place upon the activation of a semiconductor with electromagnetic
radiation from sun or artificial light. When exposed to electromagnetic radiation, a semiconductor
absorbs photons with sufficient energy to inject electrons from the valence band (VB) to its conduction
band (CB), generating electron hole pairs (e−/h+). The h+ have an electrochemical potential sufficiently
positive to generate •OH·radicals from water or to directly oxidize many organic pollutants adsorbed
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onto the semiconductor surface, while the e− react with oxygen molecules to form superoxide anions,
•O2

−, that quickly react with H+ to finally produce •OH radicals after a series of concatenated reactions
in water or can directly reduce target molecules adsorbed on the surface [9].

Nanostructured catalysts have demonstrated improved performances with respect to its bulk
counterpart, thanks to their extremely high surface-to-volume ratio that turns into a high density
of catalytically active surface sites. In addition, due to the size-dependent band gap of nanosized
semiconductors, it is possible to fine tune the redox potentials of photogenerated electron–hole pairs to
selectively control photochemical reactions. Furthermore, charges photogenerated in nanocatalysts
can easily reach the catalyst surface, thus decreasing the probability of bulk recombination [10].
Nonetheless, a large-scale application of nanosized photocatalysts for environmental purpose is still
hampered by technological issues and by high costs related to its capability to obtain photoactive
nanocatalysts with a high reaction yield and adequate morphological and structural control [11].

The aim of the present special issue is to report on recent progress towards the application
of photoactive nanomaterials and nanomaterials-based coatings in pollutants degradation, paying
particular attention to cases of study close to real application: Scalable synthetic approaches to
nanocatalysts, preparation of nanocatalyst-based coatings, degradation of real pollutants and bacteria
inactivation, and application in building materials.

2. This Special Issue

This special issue consists of one review and six research articles. The review from Petronella
et al. reports a selection of synthetic approaches suitable for a large-scale production of mesoporous
TiO2-based photocatalysts. Attention has been focused on mesoporous TiO2 due to its unique features,
which include a high specific surface area, improved ultraviolet (UV) radiation absorption, high
density of surface hydroxyl groups, and a significant ability for further surface functionalization. The
overviewed synthetic strategies have been selected and classified according to the following criteria:
(i) High reaction yield, (ii) reliable synthesis scale-up, and (iii) adequate control over morphological,
structural, and textural features. The potential environmental applications of such nanostructures
include water remediation and air purification which are also discussed [12].

The research article from Professor Mascolo and co-workers demonstrates the effectiveness of the
novel multiphasic hydroxyapatite–TiO2 material (HApTi) for the photocatalytic treatment of diclofenac.
Diclofenac is one of the most detected pharmaceuticals in environmental water matrices and it is
recalcitrant to conventional wastewater treatment plants. The authors investigated the toxicity of
transformation products by using different assays: Daphnia magna acute toxicity test, Toxi-Chromo
Test, and the Lactuca sativa and Solanum lycopersicum germination inhibition test. Overall, the toxicity
of the samples obtained from the photocatalytic experiment with HApTi decreased at the end of the
treatment, showing the potential applicability of the catalyst for the removal of diclofenac and the
detoxification of water matrices [13].

Professor Yurdakal’s group demonstrated the synthesis of Pt-loaded TiO2 nanotube on Ti anode by
anodic oxidation in ethylene glycol. Such an approach allowed the control of the length of the nanotube
as a function of anodic oxidation time. The obtained materials were exploited in photoelectrocatalytic,
electrocatalytic, and photocataytic degradation of Paraquat, one of the most widely used herbicides. The
obtained results evidenced that the photoanodes show a significant synergy for photoelectrocatalytic
activity [14].

A simple and low-cost method to preparing hybrid photocatalysts of copper (I) oxide/titania is
proposed in the paper by Professor Kowalska and co-workers. They investigated the photocatalytic
and antimicrobial properties of prepared nanocomposites in three reaction systems: Ultraviolet-visible
(UV-Vis) induced methanol dehydrogenation and oxidation of acetic acid, and 2-propanol oxidation
under visible light irradiation. Furthermore, bactericidal and fungicidal properties of Cu2O/TiO2

materials were analyzed under UV, visible, and solar irradiation, as well as for dark conditions [15].
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CuxO thin films deposited using HiPIMS (high-power impulse magnetron sputtering) on polyester
under different sputtering energies were successfully synthesized by Professor Rtimi and co-workers.
The photocatalytic performance of the photocatalyst was evaluated for the degradation of a toxic
textile dye (Reactive Green 12; RG12) under visible light LEDs irradiation. The recycling of the catalyst
showed a high stability of the catalyst up to 21 RG12 discoloration cycles. ICP-MS showed stable ions’
release after the 5th cycle for both ions. This allows potential industrial applications of the reported
HiPIMS coatings in future [16].

Rehman et al. investigated the effects of TiO2 nanoparticles on the sulfate attack resistance of
ordinary Portland cement (OPC) and slag-blended mortars. The results show that the addition of
nano-TiO2 accelerated expansion, variation in mass, loss of surface microhardness, and widened cracks
in OPC and slag-blended mortars. Nano-TiO2 containing slag-blended mortars were more resistant to
sulfate attack than nano-TiO2 containing OPC mortars [17].

The research article from Liang et al. describes the synthesis and characterization of ZnO-ZnS
core-shell nanorods by combining the hydrothermal method and vacuum sputtering. The results of
comparative degradation efficiency toward methylene blue showed that the ZnO-ZnS nanorods with the
shell thickness of approximately 17 nm had the highest photocatalytic performance. The highly stable
catalytic efficiency and superior photocatalytic performance supports their potential for environmental
applications [18].
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Abstract: Increasing environmental concern, related to pollution and clean energy demand, have
urged the development of new smart solutions profiting from nanotechnology, including the renowned
nanomaterial-assisted photocatalytic degradation of pollutants. In this framework, increasing efforts
are devoted to the development of TiO2-based nanomaterials with improved photocatalytic activity.
A plethora of synthesis routes to obtain high quality TiO2-based nanomaterials is currently available.
Nonetheless, large-scale production and the application of nanosized TiO2 is still hampered by
technological issues and the high cost related to the capability to obtain TiO2 nanoparticles with
high reaction yield and adequate morphological and structural control. The present review aims
at providing a selection of synthetic approaches suitable for large-scale production of mesoporous
TiO2-based photocatalysts due to its unique features including high specific surface area, improved
ultraviolet (UV) radiation absorption, high density of surface hydroxyl groups, and significant
ability for further surface functionalization The overviewed synthetic strategies have been selected
and classified according to the following criteria (i) high reaction yield, (ii) reliable synthesis
scale-up and (iii) adequate control over morphological, structural and textural features. Potential
environmental applications of such nanostructures including water remediation and air purification
are also discussed.

Keywords: photocatalysis; titanium dioxide; mesoporous; nanomaterials; environmental remediation;
water remediation; NOx; VOCs

1. Introduction

In recent years, one of the most important concerns of the scientific community and society has
been health and environmental protection via a smart and sustainable use of natural resources. In this
context, water resources are gaining increasing attention due to the occurrence of emerging pollutants
including dyes, pharmaceutical and personal care products, endocrine disruptors, pathogens [1,2].
Moreover, the increasing amount of atmospheric pollutants has been regarded among the main causes
of respiratory diseases such as emphysema, and bronchitis arising from the contact of NOx with
lungs [3].

Unfortunately, conventional pollution remediation methods show limited performances. For
instance, in the field of water treatment adsorption or coagulation methods aim at concentrating
pollutants by transferring them to other phases; sedimentation, filtration, chemical and membrane
technologies involve high operating costs and can generate toxic secondary pollutants in the
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ecosystem [4]; and chlorination, although widely used in disinfection processes, can generate
by-products associated with cancer or other pathologies [5].

It turns out that the interest of the scientific community has been focusing on alternative methods
such as the “advanced oxidation processes (AOPs)”. AOPs are convenient innovative alternatives
to conventional wastewater treatment processes [6,7] because they include a set of water treatment
strategies such as ultraviolet (UV), UV-H2O2 and UV-O3, and semiconductor-based photocatalysis that
aim at accomplishing the complete mineralization of organic pollutants (i.e., their conversion into safe
by-products such as O2, H2O, N2 and mineral acids). Among AOPs, TiO2-based photocatalysis has
recently emerged as a promising water treatment [8]. Photocatalysis takes place upon the activation
of a semiconductor with electromagnetic radiation from sun or artificial light. When exposed to
electromagnetic radiation, a semiconductor absorbs photons with sufficient energy to inject electrons
from the valence band (VB) to its conduction band (CB), generating electron hole pairs (e−/h+).
The h+ have an electrochemical potential sufficiently positive to generate •OH·radicals from water
molecules adsorbed onto the semiconductor surface, while the e− react with oxygen molecules to
form the superoxide anions, •O2

−, that quickly react with H+ to finally produce •OH radicals after
a series of concatenated reactions [9,10]. The overall photocatalytic efficiency depends on (i) the
competition between e−/h+ recombination events and generation of reactive oxygen species (ROS)
(ii) the competition between e−/h+ recombination events and e−/h+ trapping on semiconductor surface.

In this respect, TiO2 nanoparticles (NPs) are extremely advantageous due to their high photoactivity,
high chemical and photochemical stability, high oxidative efficiency, non-toxicity and low cost.
In addition, the size-dependent band gap of nanosized semiconductors allows tuning the e− and h+

red-ox potentials to achieve selective photochemical reactions [11–13].
Remarkably, the reduced dimensions of TiO2 NPs imply a high surface to volume ratio, which

ensures a high amount of surface-active sites even upon immobilization of the photocatalyst onto
substrates, thus avoiding the typical drop in performance due to the immobilization of bulk TiO2.
Immobilization is an essential requirement for a real application of TiO2 NPs, both for safety and
technological reasons [6]. Indeed, immobilization may limit accidental release of nanomaterials, thus
preventing TiO2 NPs turning into a secondary pollution source, and, at the same time, enables recovery
and reuse of the photocatalyst. In fact, NPs have been demonstrated to harmfully impact on ecosystems,
as reported in recent studies that have also shown that both TiO2 NPs and TiO2 NPs aggregates, at
concentration higher than 10 mg/L, provoke hatching inhibition and malformations in the embryonic
development of a model marine organism [14].

A great deal of work has been focused on improving the photoactivity of TiO2 NPs and extending
its optical response in the visible light range. Indeed, excellent reviews [15–19] and original
papers [11,20–23] have overviewed the huge number of synthesis strategies aimed at purposely
tailoring TiO2 NPs by surface modification, doping, introduction of a co-catalyst, and crystalline
structure manipulation.

Among the numerous strategies devoted to properly designing the morphological complexity
of TiO2 NPs, the possibility of obtaining mesoporous TiO2 is attracting increasing interest [24]. The
International Union of Pure and Applied Chemistry (IUPAC) classifies porous solids in three groups
according to their pore diameter: namely microporous (diameter not exceeding 2 nm) and mesoporous
(diameter in the range from 2 nm to 50 nm) and macroporous (diameter exceeding 50 nm) [25]. The
porosity arises from the ordered or disordered assembly of individual nanocrystals (NCs) in larger
structures (mesostructures). Ordered structures result from a regular arrangement of pores in the space
and show a narrow pore size distribution, conversely disordered structures are characterized by a
random aggregation of NPs, that gives rise to a large pore size distribution [23].

As a result, TiO2-based mesoporous materials combine the well-known photocatalytic activity of
TiO2 with peculiar textural properties, including pore sizes and high specific surface areas, typical
of NPs. Such features may contribute to increase the amount of absorbed organic pollutants and to
dissolve the O2 that can get to the TiO2 surface thus improving the efficiency of the mineralization
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process [24]. Mesoporous TiO2 NPs are regarded as promising adsorbents for various pollutants in
water [26], as they present a high concentration of hydroxyl groups (−OH) on the surface, that allows
adsorption of water pollutants and improves •OH radicals’ generation, resulting in also being prone to
further functionalization.

Moreover, TiO2-based mesostructures and superstructures, such as hollow spheres, mesoporous
TiO2 nanotubes and mesoporous TiO2 microspheres, enable multiple diffractions and reflections of
incident UV light within the inner cavities, thus favoring a more efficient photogeneration of e−/h+
pairs, resulting in an improvement of the photocatalytic activity [27–29].

The present review aims at describing selected protocols, among the most interesting ones recently
reported, for the synthesis of mesoporous TiO2 with advantageous properties in terms of size/shape
distribution, crystallinity and textural characteristics. Specifically, the presented synthesis protocols
have been identified as suited to be implemented for a large-scale TiO2 production, being scalable,
cost-effective and relying on the use of safe chemicals. The high interest in the large scale manufacturing
of nanoscale TiO2 can clearly be seen when looking at the expectation of the complete conversion of TiO2

production from bulk to nanomaterialt is foreseen to occur by 2025 with a production close to 2.5 million
metric tons per year [30]. The review is mainly focused on sol-gel techniques and hydrothermal routes,
namely soft templating approaches that make use of removable structure-directing agents as surfactant
micelles, block copolymers, ionic liquids and biomacromolecules. All the reported protocols are suited
for a viable scale-up because they make use of water as reaction solvent, and match the requirements
of low-cost precursors, relatively low synthesis temperatures and high reaction yield.

Finally, an overview of the latest environmental applications of TiO2 for water remediation and
air purification will be presented.

2. Synthesis of Mesoporous TiO2

2.1. Sol-Gel Methods

The sol-gel approaches [31] are among the most investigated techniques applied to obtaining
ceramic or glass materials, having the advantages of being reproducible, industrially scalable and
highly controllable.

The soft template processes underlying sol-gel strategies are generally based on several steps:
(i) preparation of the solution of a selected TiO2 precursor; (ii) hydrolysis of TiO2 precursor in the
presence of a suitable surfactant; (iii) removal of the solvent in order to facilitate the generation of the
gel; (iv) condensation reaction; and (v) calcination for the complete removal of surfactant, solvent and
unreacted precursor.

Among the sol-gel synthetic approaches the EISA (evaporation-induced self-assembly, Figure 1) has
been recently applied for the preparation of metal oxides including TiO2. The main feature of the EISA
method is the use of a surfactant as a templating agent. Triblock copolymers as P123 (Poly(ethylene
glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol)) and F127 (poly(ethylene oxide)
poly(propylene oxide)-poly(ethylene oxide)), are recognized as the most promising surfactants used
for this method [32]. Indeed, surfactant selection represents one of the most critical parameters of EISA
approaches because its chemical and physical properties affect the textural properties of the resulting
material that can be deposited as a thin film on a suitable substrate.
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Figure 1. General synthetic scheme for the production of mesoporous metal oxides according to the
evaporation-induced self-assembly method (EISA). The first step consists in the preparation of an
ethanol solution containing the metal precursor (Ti(OBu)4 for TiO2) and the Pluronic F127 as templating
agent (I). The mixture is kept at 50 ◦C for 24 h in order to induce the coordination bonds between the
metal ions (M) and oxygen-containing group of F 127 (II). The subsequent thermal treatment at 100 ◦C
for 6 h (III) promotes the formation of a xerogel of the metal-F127 hybrids. The final calcination at
400 ◦C (IV) is intended to remove of organic molecule and results in the formation of mesoporous
metal oxides. Reprinted with the permission of ref. [33]. Copyright© 2019 4542370045937.

A typical sol-gel EISA synthesis of TiO2 starts with the preparation of a solution containing
Pluronic F127 in absolute alcohol (EtOH), and the subsequent addition of titanium butoxide Ti(OBu)4

under vigorous stirring (Figure 1, I). The resulting suspension is kept at 50 ◦C for 24 h, and then dried
at 100 ◦C for 6 h (Figure 1, II and III respectively). The as-prepared product shows a texture compatible
with xerogels. The final calcination at 400 ◦C is carried out at specific heating rate in order to induce
the removal the block copolymer surfactant species (Figure 1, IV). At this stage, aggregates formed by
NPs of 5–10 nm in size have been produced, thus resulting in a mesoporous product with a specific
surface area of 145.59 m2/g and an average pore size of 9.16 nm [33].

M.G. Antoniou et al. reported a similar approach to obtain a mesoporous TiO2-based coating
for photocatalytic applications. The TiO2 sol, comprised of titanium tetraisopropoxide (TTIP), acetic
acid, isopropanol and Tween 80 as surfactant, is applied by dip-coating on glass substrate and then it
is heated at 500 ◦C to remove the surfactant template. The dip-coating–calcination cycle is repeated
3 times for each deposition, resulting in uniform and transparent mesoporous nanocrystalline TiO2

films with high surface area (147 m2/g), porosity (46%) and anatase crystallite size of 9.2 nm. The
amount of photocatalyst per cm2 is estimated to be 62.2 mg/cm2 with an overall coated area, considering
both sides of the substrate, of 22.5 cm2 [34].

An alternative strategy has been proposed to further increase the specific surface area of
mesoporous TiO2, that indicates the use of two types of TiO2 precursors such as TiCl4 and TTIP in a
suitable molar ratio, with TiCl4 playing the two-fold role of precursor and pH stabilizer. A solution
containing a defined TiCl4:TTIP:P123:ethanol ratio is stirred for 3 h at room temperature and the
resulting product is suitable to be deposited by spin coating on glass substrates. After drying at room
temperature for 24 h, the samples is thermally treated at 130 ◦C for 2 h to promote crossing-linking and
prevent possible cracks in the film and collapsing of the mesostructure due to the high temperature.
The final calcination treatment is carried out by heating stepwise up to 400 ◦C [35].

A recently reported sol-gel synthetic approach for the production of TiO2 makes use of a biological
template, namely the bacteriophage M13, a rod-shaped virus that is able to control the alkoxide
condensation in the sol-gel process allowing the formation of mesopores having a diameter that can
be tuned by adjusting only the reaction pH. Remarkably, the resulting product exhibits exceptional
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thermal stability of the anatase phase, which stays as the predominant phase even after a thermal
treatment at 800 ◦C, that, in fact, promotes an increase in the pore and crystal size (Figure 2) [36].

 
Figure 2. Proposed mechanism of mesoporous TiO2 synthesis: consist in the preparation of a titanum
alkoxide (titanium(tetra)isopropoxide) solution at pH ≤ 2. A vary stable sol is obtained with acid
aqueous solution (pH 1–2) (a); the sol-gel reaction is performed with Phage M13 and a well-established
structure is obtained (b). A local order of pores and macropores can be obtained at high phage
concentration (d), while disordered pores with a narrow pore size distribution at a low concentration
(c). Reproduced with permission from [36]. Copyright© 2019 4541961016973.

One of the main goals in the synthesis of mesoporous TiO2 for environmental photocatalytic
applications is to increase the TiO2 optical response in the range of visible light. For this purpose,
synthetic approaches have been developed to accomplish this result. For instance, a mixture of
polyethylene glycol (PEG) and polyacrylamide (PAM), has been used as the templating agent. PAM
and PEG are slowly introduced in a mixture of deionized water, nitric acid (8%), ethanol and Ti(OBu)4 as
TiO2 precursor. The resulting white gel is dried until a light-yellow powder is obtained that undergoes
two calcination steps: the first in nitrogen atmosphere, and the second in air. In the first calcination
step, three different temperature values are investigated: 500 ◦C, 600 ◦C and 700 ◦C respectively, while
the second calcination step is carried out at 500 ◦C. The authors have demonstrated how increasing
PAM mass the gel formation rate increases, due to the improved interaction between amide groups
of PAM with the hydroxyl groups of the TiO2 sol. The PEG prevents the mesostructure collapsing
during the first thermal treatment. Moreover, the molecular weight (MW) of PEG has been reported
to increase as the crystallite size increases and the specific surface area decreases. The obtained
mesoporous TiO2 is found to have a specific surface area measured by BET (Brunauer–Emmett–Teller)
test between 104.25 and 110.73 m2/g and a pore size (measured by Barret-Joyner-Halenda isotherm)
between 16.92–16.80 nm; being the variation of the specific surface area and pore size values affected
by the variation of the molecular weight of the PEG used in the synthesis. The authors point out
that the two calcination steps improve the textural properties of the TiO2 because they promote
a higher crystallinity, and allow to achieve a homogenous porosity, and a higher specific surface
area. In particular, the first calcination step under N2 atmosphere causes the conversion of PEG (less
thermally stable than PAM) in amorphous carbon, which plays the role of a scaffold around pores,
thus preventing the mesostructure from collapsing [37]. Furthermore, the small amount of amorphous
carbon is able to induce a doping effect, and therefore the obtained photocatalyst is able to extend its
photoactivity to visible range, as demonstrated in the ultraviolet–visible (UV–Vis) reflectance spectrum,
that shows an increase, in the visible range, of the Kubelka–Much function intensity.

Also, Phattepur et al. have synthesized mesoporous TiO2 with an innovative sol-gel technique
by using lauryl lactyl lactate as biodegradable and inexpensive additive to control the size of large
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inorganic cluster. The nanostructured photocatalyst is prepared by using Ti(OBu)4 as precursor in
a solution containing a defined amount of lauryl lactyl lactate (0.25 mL, 0.5 mL, 0.75 mL and 1 mL),
ethanol, and hydro-chloric acid. Such a solution is mixed with a second solution of ethanol and
distilled water under vigorous stirring for 8 h up to the generation of the gel. The mixture is, then,
aged, dried, ground and finally calcined, resulting in a final product with a specific surface area up to
40.10 m2/g, a pore volume 0.112 cm3/g [38].

The interest towards colloidal routes for the synthesis of mesoporous TiO2 is further supported by
a recently granted US patent [39]. The synthetic scheme consists of an acid-catalyzed hydrolysis of a
water soluble TiO2 precursor as TiOCl2 or TiOSO4, occurring in the presence of a porogen molecule,
namely an organic alpha hydroxyl carboxylic acid, as citric acid, at relatively low temperatures (up to
100 ◦C). Such a procedure allows 100 nm spherical mesoporous anatase NPs to be achieved and control
of the pore size by varying the molar ratio between the TiO2 precursor and the organic alpha hydroxyl
acid. Remarkably, these mesoporous TiO2 NPs show a bimodal pore size distribution. Such bimodal
porosity is due to the presence of both intra-particle and inter-particle pores. Intra-particle pores (from
2 nm to 12 nm in size) are detected in individual TiO2 NPs while the inter-spatial fissures of dimensions
from 15 nm to 80 nm, due to the packed arrangement of the NPs, result in inter-particle pores [39].

2.2. Synthesis in Room Temperature Ionic Liquids

Room-temperature ionic liquids (RTILs) are regarded with increasing interest both in academia and
industry [40]. In the synthesis of TiO2 NCs, the use of RTILs offers multifold advantages including the
control over the morphology and phase composition, the colloidal stability [41,42] and the possibility to
achieve a large scale production of photocatalytic TiO2 [41,43,44]. Indeed RTILs allow, in principle, to
perform synthesis of titania at low temperature as they are organic salts characterized by a low melting
point (lower than 100 ◦C), thus resulting in being liquid and thermally stable over a wide temperature
range [45]. In a typical synthesis of TiO2 NPs, the 1-butyl-3-methylimidazoliumtetrafluoroborate (BF)
is used as solvent and TiCl4 as TiO2 precursor. After mixing BF and TiCl4, purified water is added
slowly under vigorous stirring at room temperature to promote the immediate hydrolysis of TiCl4
indicated by the appearance of turbidity. Such a turbid solution is stirred at 80 ◦C for another 12 h and
the resulting product is collected by centrifugation upon dilution with water in order to decrease the
viscosity due to the BF. The residual solvent is removed by extraction with acetonitrile, soluble to both
the inorganic species and the RTIL, in a closed vessel at 50 ◦C for 8 h and the final product is dried in a
vacuum oven at 40 ◦C [43]. Such a synthetic approach is used to synthesize mesoporous N-doped TiO2

(10–50 nm in size) in anatase phase, with 5–8 nm pores observed by transmission electron microscopy
(TEM) and a band gap, determined by diffuse reflectance spectroscopy, of 2.47 eV [46].

2.3. Hydrothermal Synthetic Methods

A typical hydrothermal process is carried out in an autoclave, possibly equipped with Teflon
liners and a closed system under controlled temperature and/or pressure (room temperature and at
pressure >1 atm) [47]. The temperature can be higher than the boiling point of water corresponding to
the pressure of vapor saturation [48].

Hydrothermal processes are extremely attractive for the large-scale production of mesoporous
TiO2 NPs, because they (i) are environmentally friendly, (ii) make use of aqueous solutions, (iii) do not
require any post-calcination treatment and (iv) allow a facile recovery of the photocatalyst after the
synthesis [48–50].

TiO2 NPs prepared by hydrothermal methods show several advantages, including high crystallinity,
reduced particle size, uniform size distribution, prompt dispersibility in polar and non-polar solvents
and a stronger interfacial adsorption; moreover, they enable the easy fabrication of high-quality
coatings on several supporting material [51].

In hydrothermal synthesis, temperature, filling volume [52] pressure [53] pH and treatment
duration are regarded as the key parameters to control the resulting morphological and structural
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properties of TiO2. Under hydrothermal conditions, a decrease of the reaction temperature cause
a particle size decrease and an increase of particle agglomeration [47]. The growth of TiO2 NPs
is also possible by using a template-based technique, taking advantage of the use of suitable
high-molecular-weight surfactants, able to promote structural self-assembly [47].

The hydrothermal method applied on TiO2–nH2O amorphous gel, considered as TiO2 NPs
precursor, has been widely used to prepare nanocrystalline titania [54]. This treatment can be carried
out either in pure distilled water or in the presence of mineralizing species, such as hydroxides,
chlorides and fluorides of alkali metals at different pH values [54]. Kolen’ko et al. have developed the
synthesis of ultrafine mesoporous titania powders in anatase phase via hydrothermal process starting
from TiO2–nH2O amorphous gel. The preparation of TiO2–nH2O amorphous gel requires multiple
steps starting from the high-temperature hydrolysis of complex titanyl oxalate acid (H2TiO(C2O4)2)
aqueous solutions. Briefly, the preparation route of H2TiO(C2O4)2 aqueous solution is based on: (I) the
preparation of H2TiCl6 from TiCl4 and chloride acid (HCl), (II) hydrolysis of H2TiCl6, (III) wash of
TiO2–nH2O by distilled water, and (IV) dissolution of TiO2–nH2O in the oxalic acid. At this stage the
TiO2–nH2O is treated in a polytetrafluoroethylene (PTFE)-lined autoclave at temperature of 150 ◦C or
250 ◦C for a period of time ranging from 10 min to 6 h. After the treatment in autoclave the sample is
cooled down to room temperature, the obtained product is centrifuged, washed and dried at 80 ◦C [54].
Washing procedures are essential in order to collect the photocatalyst and remove the templating agent
and salts that can possibly obstruct the pores, thus achieving the desired porosity and specific surface
area [55,56]. The size of the mesoporous anatase particles can be controlled in the range of 60–100 nm
by adjusting the concentration of H2TiO(C2O4)2 aqueous solution that is expected to affect the amount
of TiO2 nuclei.

Hydrothermal synthesis allows also a fine control over NP morphology. Indeed, mesoporous
TiO2 microparticles with a well-defined spherical shape in the range of 2–3 μm, and a crystallite size
in the range from 7.3 nm to 22.3 nm have been prepared by hydrothermal reaction of poly(ethylene
glycol)-poly(propylene glycol)-based triblock copolymer and TTIP mixed with 2,4-pentanedione [57].
The surfactant solution is prepared dissolving the triblock copolymer in distilled water at 40 ◦C and
adding sulfuric acid. Successively, TTIP is mixed with 2,4-pentanedione and slowly added dropwise
into the previously prepared surfactant solution. The reaction is carried out at 55 ◦C for 2 h without
stirring and a light-yellow powder is obtained. The hydrothermal treatment is performed at 90 ◦C for
10 h followed by an annealing step, which is necessary to remove the residual surfactant.

Zhou and co-workers have proposed titanium sulfate (Ti(SO4)2) as a precursor of TiO2 in the
presence of urea to obtain microspheres by hydrothermal treatment TiO2 [58], by using reaction time as
a key parameter to control average crystallite size, pore size and volume, and the specific surface area.

Mesoporous TiO2 anatase microspheres have been also successfully obtained with a simple
one-step hydrothermal synthesis by Lee et al. [49]. The titanium-peroxo complex is treated with nitric
acid, 2-propanol, NH4OH in Teflon-lined autoclave at 120 ◦C for 6 h. The final product is filtered,
washed with distilled water several times until the pH reaches 7 and dried at 65 ◦C for 1 day, obtaining
the mesoporous material without any post-calcination procedure. In particular, the size of mesoporous
TiO2 anatase microspheres lays in a dimensional range between 0.5 μm and 1 μm. According to
high-resolution TEM (HRTEM) analysis, the formation of a microsphere (secondary particle) results
from the aggregation of diamond-shaped TiO2 NCs (50 nm × 20 nm) (primary NPs). The authors have
suggested that during the hydrothermal reaction the aggregation of individual diamond-shaped TiO2

NCs in secondary particles, is thermodynamically favored with respect to the formation of primary
TiO2 NPs. Interestingly, the porosity of the microspheres is ascribable to the interspaces between TiO2

NPs assembled to form a microsphere [49].
Similarly, Santhosh et al. have synthesized mesoporous TiO2 microspheres by a facile hydrothermal

reaction carried out at 120 ◦C for 24 h that, instead, makes use Ti(OBu)4 as precursor [59]. The material
structure is based on TiO2 having a diameter in a range from 100 nm to 300 nm. The corresponding
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specific surface area is 56.32 m2/g and the bimodal pore structure shows pore width of 7.1 nm and
9.3 nm respectively [59].

Hollow TiO2-based core-shell structures have been also reported and they are expected to show a
high photocatalytic activity because their unique morphology allows the multiple reflection of UV light
within the inner cavity [60]. Furthermore, they display as valuable advantages high surface-to-volume
ratio, low density and low production cost. Recently, Cui et al. have reported a facile one-step
hydrothermal method to synthetize a mesoporous hollow core-shell structured TiO2 microspheres.
PEG (MW 2000) has been used as soft templating agent to obtain Ti4+-PEG globules suited for the
generation of hollow structures. The control on crystallite size, microsphere size, shell thickness and the
roughness are achieved by tuning the duration of the hydrothermal treatment. In particular, increasing
the reaction time, the crystallite and microsphere size, the shell thickness and the roughness increase
while the core size decreases [60].

Ye et al. have developed an interesting strategy for the large–scale synthesis of hallow microspheres
by performing a hydrothermal treatment followed by a calcination step (Figure 3) [61]. They have used
potassium titanium oxalate (PTO) as Ti precursor performing the hydrothermal process in autoclave at
150 ◦C for 4 h, thus obtaining 1.75 μm microspheres composed of TiO2 NPs. In particular, a strong
effect of calcination temperature on the photocatalytic performance of the photocatalyst is reported,
with the hollow TiO2 microspheres calcined at 500 ◦C showing the highest photocatalytic activity.

Figure 3. Large–scale synthesis of TiO2 hallow microspheres has been obtained by Ye et al. by using a
hydrothermal treatment following the calcination. The morphology and microstructure of the hollow
microspheres have been characterized by scanning electron microscopy (SEM) (a–d), in order to evaluate
the effect of the calcination. (a,b) SEM micrographs of the not calcined sample: low-magnification and
high-magnification, respectively. (c,d) SEM micrographs of the TiO2 hollow microspheres calcined
at 500 ◦C for 2 h: low-magnification and high-magnification, respectively. SEM micrographs of the
non-calcined material show that the sample consisting of large-scale hollow microspheres, being the shell
of the microsphere itself made of numerous nanoparticles (NPs). Interestingly, the SEM micrographs of
calcined material indicate an excellent thermal stability of the hallow microsphere. The morphology
and the mean external diameter of the hollow microspheres has been found unchanged after the
calcination treatment at 500 ◦C. Reproduced with permission from [61]. Copyright© 2018 Elsevier.

TiO2 hollow spheres aggregates, characterized by porous walls, can be also synthesized on
large-scale by performing the hydrothermal hydrolysis of Ti(SO4)2 assisted by NH4F without employing
any templates [62]. The resulting hollow material, reported in Figure 4, presents a high surface area,
smaller crystal size, and highly porous structure [62] Several hydrothermal protocols have been
also successfully developed to synthesize anisotropic mesoporous NPs. Anisotropic TiO2 NCs
have been extensively investigated for several energy conversion applications, since their peculiar
morphology enables a facile charge transport along the longitudinal dimension and decreases the
e−/h+ recombination rate [51,52].
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Figure 4. Large-scale synthesis of porous TiO2 hollow aggregates reported by Liu et al. The synthesis
is carried out using a low-temperature hydrothermal method without templates. (a–c) Field-emission
scanning electron microscopy (FESEM) analyses at different magnifications and (d) transmission electron
microscope (TEM) micrograph of the “as prepared” sample by one-step hydrothermal treatment at
160 ◦C for 6 h. The scale bars for (a–d) are 5 mm, 500 nm, 100 nm, and 500 nm, respectively. The
low-magnification FESEM micrograph (a) of the sample indicates that the aggregates are composed of a
large amount of NPs. While, the micrograph (b) shows the hollow interior of the single aggregate and
the micrograph (c) at a higher magnification highlights the porous structure of the TiO2 NP aggregates.
Moreover, the hollow structure of the TiO2 sample is confirmed by TEM micrograph (d). Reproduced
with permission from [62]. Copyright© 2018 John Wiley and Sons.

Mesoporous TiO2 nanotubes (TNTs) are materials of great interest due their high ion-exchange
capability, relative stability, enhanced conductivity and high specific surface area [63,64]. In addition,
TNTs contain a large amount of hydroxyl groups respect to spherical TiO2 and may find an effective
use as ion adsorbent systems. Sattarfard et al. have prepared mesoporous TNTs by hydrothermal
synthesis starting from TiO2–P25 NPs as titania precursor [63].

In this protocol, TiO2–P25 powder is introduced into NaOH aqueous solution and held at 115 ◦C
for 24 h in a stainless-steel with Teflon lining reactor placed in an oil bath. Afterwards, the mixture is
cooled to room temperature and centrifuged, and the obtained precipitate requires several washing,
recovery and thermal treatment steps to finally obtain TNT with a specific surface area of 200.38 m2/g
and an average outer and inner diameter approximately of 9 nm, 4 nm, respectively, with a wall
thickness of 2.5 nm. Remarkably, the use of a strong aqueous base as NaOH as dispersing agent for
TiO2 P25 and the subsequent hydrothermal treatment are the key steps that determine the formation of
titanate tubular structures, while washing with HCl has been demonstrated to be essential to convert
tubular titanate in TiO2 nanotubes. Indeed, the treatment of TiO2 NPs with NaOH is known to break
Ti–O–Ti bonds, thus resulting in the formation of sheets, while the subsequent washing with acid or
water, reducing the electrostatic charge, induces the folding of the sheets yielding the formation of
nanotubes [63].

TiO2 nanowires can be also successfully obtained by using hydrothermal method, resulting in a
fine shape control, as proposed by Asiah et al. that investigated a low-cost, high-purity shape-controlled
synthetic strategy for the large-scale production of mesoporous TiO2 nanowires [65]. Titanium (IV)
oxide nanopowder is used as Ti precursor solution and treated with NaOH aqueous solution. The
treatment is performed by following a hydrothermal route in autoclave in a Teflon beaker at 150 ◦C
for a reaction time ranging from 1 to 10 h. The obtained white precipitate is washed with HCl and
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deionized water until pH = 7 is reached. The final product, dried at 40 ◦C overnight and annealed at
500 ◦C, is found to consist of few microns long nanowires with diameters from 15 to 35 nm, according to
the duration of the treatment (Figure 5). Interestingly, the hydrothermal method has also been shown
to be powerful for synthesizing a three-dimensional (3D) TiO2 mesoporous superstructure [66,67].
TiO2 based superstructures with a branched architecture present an enhanced specific surface area,
improved charge separation and transfer within the TiO2 branches, thus increasing the e−/h+ pairs
lifetime and, therefore, the ROS generation [68].

y gg

 

 

i 

Figure 5. Large-scale hydrothermal synthesis is explored to produce surfactant-free seed mediated
mesoporous TiO2 nanowires by Asiah et al. (a–h) FESEM micrographs of TiO2 nanowires at different
growth time, (a) 1 h, (b) 2 h, (c) 3 h, (d) 4 h, (e) 5 h, (f) 6 h, (g) 8 h and (h) 10 h, respectively. (i) Schematic
diagrams of growth evolution of TiO2 nanowires in time. The effect of hydrothermal growth time on
the evolution of the morphology and structural properties of mesoporous TiO2 nanowires is shown.
The initial morphology of as-prepared TiO2 reacted for 1 h (a) consists of unreacted NPs which are
agglomerated and small yield of the formed nanowires with very low aspect-ratio. After 2 h (b) the
structure of nanowires is clearly formed. However, the NPs are completely converted into nanowires
after 3 h (c). Reproduced with permission from [65]. Copyright© 2018 Elsevier.
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Baloyi et al. have proposed the hydrothermal synthesis of dandelion-like structures from TiCl4
and water via a simple hydrothermal [68] synthesis realized in a reaction flask by adding drop-wise
TiCl4 to the super-cooled high purity water, by using a separator funnel under vigorous stir and heating
at 100 ◦C for 24 h. Successively, the suspension is centrifuged and washed with water to remove
any chloride ions from the solid TiO2 and the resulting solid is dried for 16 h overnight at 120 ◦C.
It has been proposed the obtained nanostructures grow according to a four-step reaction mechanism:
(i) nucleation and NP formation; (ii) formation of spheres; (iii) further growth; and (iv) formation of
flower-like TiO2 structures by agglomeration of the dandelions.

Pan et al. have reported the large–scale synthesis of uniform urchin-like mesoporous TiO2 hollow
spheres (UMTHS) by a hydrothermal method based on targeted etching of self-organized amorphous
hydrous TiO2 solid spheres (AHTSSs) (Figure 6) [67]. The growth of the UMTHSs under hydrothermal
conditions has been proposed to start from the spontaneous reconstruction of surface–fluorinated
AHTSSs in the presence of surface coating of polyvinylpyrrolidone (PVP). Briefly, the previously
synthesized AHTSSs are treated with NaF, used as etching agent and successively with PVP. After an
hour of stirring, the suspension is transferred to a Teflon-lined autoclave and kept at 110 ◦C for 4 h.
The UMTHSs are obtained by collecting, washing with diluted NaOH solution and water, and finally
calcining at 350 ◦C for 2 h.

Figure 6. Large-scale synthesis of urchin-like mesoporous TiO2 hollow spheres (UMTHS) by
low-temperature hydrothermal method. SEM (a) and TEM (b–e) micrographs of UMTHS obtained
by calcining the powder after hydrothermal reaction. SEM micrographs shows that the UMTHS
are monodisperse with uniform particle size and consist of radially arranged anatase nanothorns,
assembling an urchin-like shaped hierarchical structure. Furthermore, TEM analysis (b,c) indicates
that the spherical shell consisting of radial nanothorns. The single hallow sphere is polycrystalline
due to radial orientation of nanothorns, as revealed by selected-area electron diffraction (inset of d).
Moreover, the high-resolution TEM (e) shows that each nanothorn presents a single-crystal nature and
possesses the lattice fringes of anatase (101) plane with a d -spacing of 0.35 nm aligned over the single
nanothorn. Reproduced with permission from [67]. Copyright© 2018 John Wiley and Sons.
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The inner structures of the materials have been demonstrated to be tunable from the conventional
solid spheres to hollow and complex core-shell and yolk-shell configuration, by varying the experimental
parameters and suitably protecting the inner structure by prefilling AHTSSs with PEG. The synthesized
structures show a large surface area up to 128.6 m2/g and excellent photocatalytic performances for
environmental application [67].

Recently, Hu et al. have employed one-step hydrothermal method to synthetized 3D flower-like
TiO2 microspheres using Ti(OBu)4 as titanium source and glacial acetic acid (HAc) as solvent and
capping agent, at the same time [69]. Briefly, a solution of Ti(OBu)4 and HAc is prepared and, after
stirring, is transferred into a Teflon-lined stainless-steel autoclave and heated at 140 ◦C for a defined
period. The resulting product is collected upon centrifugation, washed with ethanol and deionized
water repeatedly, dried at 60 ◦C for 12 h, and annealed in air. The 3D flower-like structures are formed
due to the oriented assembly of nanosheets as reported in Figure 7.

 
Figure 7. Schematic illustration of the growth evolution mechanism for 3D flower-like TiO2 microspheres
self-assembled by nanoplates using the hydrothermal method at different time: (a) 3 h; (b) 6 h; (c) 9 h;
(d) 12 h. TiO2 NPs after the nucleation begins to grow in the direction of orientation, forming
nanosheets after dehydration. With the increasing of hydrothermal time (at 400 ◦C), the nanosheets are
self-assembled to form a 3D flower-like structure as final state. Reproduced with permission from [69].
Copyright© 2018 Springer Nature.

TiO2 based photocatalyst with wormhole-like disordered structure was hydrothermally prepared
by using titanium sulfate (Ti(SO4)2) as precursor of TiO2, and cetyltrimethyl ammonium bromide
(CTAB) as a structure-directing agent [70]. The resulting photocatalyst is characterized by a narrow
pore size distribution and a very high surface area of 161.2 m2/g, presenting an excellent adsorption
ability for the removal of methyl orange (MO) and Cr(VI) from wastewater. The Ti(SO4)2 has been
used as TiO2 precursor also for the hydrothermal synthesis of hollow TiO2 microspheres composed of
60 nm sized nanospheres thus resulting in a large hierarchical nanostructure characterized by a surface
area and pore volume of 123 m2/g and 0.19 cm3/g, respectively [71]. The main characteristics of the
synthetic approaches reported in this section have been summarized in Table 1.
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3. Environmental Applications of Mesoporous TiO2

3.1. Application for Water Treatment

Several studies have demonstrated the effectiveness of TiO2 assisted photocatalysis in the
removal of contaminant of emerging concern including, pesticides, synthetic and natural hormones,
industrial chemicals pharmaceuticals and personal care products (PPCPs). PPCPs represent a relevant
example because they are continuously released into the aquatic environment as they are extensively
used in human and veterinary medicine. However, they cannot be removed using conventional
wastewater treatments, thus representing a potential risk to aquatic organisms and public health.
Despite mesoporous TiO2 is considered extremely promising for photocatalytic treatment of water, the
investigations of its photocatalytic properties have been performed mainly on model molecules as
organic dyes. The present section, instead, intends to report on the photocatalytic studies, currently
presented in literature, on the application of mesoporous TiO2 for the photocatalytic gradation of
molecules of environmental concern.

The photocatalytic activity of 25–30 nm mesoporous TiO2 NPs with a surface area up to 40.10 m2/g,
prepared by the sol-gel protocol described in [38] has been investigated against degradation of salicylic
acid, caffeine and phenol. Phenol and its derivatives are major water pollutants in the chemical,
textile, petrochemical, and paint industries. They are carcinogenic, mutagenic, and phenol derivatives
can jeopardize mammalian and aquatic life [72]. Wastewaters coming from the cosmetic, paper mill,
human, veterinary drugs and pharmaceutical industries, often contain salicylic acid and caffeine,
which is a hazardous substance for human health [73,74]. The photocatalytic experiments have been
performed using the mesoporous TiO2 in water suspension and uner UV irradiation with encouraging
results in terms of degradation performance. Indeed, after 4h of UV light irradiation, a degradation
efficiency of 92% and 59% has been achieved for phenol and caffeine respectively, while for the salicylic
acid a degradation amount of 88% has been reached after 3 h of reaction [38].

Hollow of TiO2 microspheres have demonstrated to be effective in the photocatalytic degradation
of 4-chlorophenol (4-CP), promoting the 90% photodegradation of 4-CP within 1 h under UV light
irradiation (Figure 8). The potential reusability of TiO2 hollow microspheres, has been investigated by
performing three cycles of reuse and any significant change of the photocatalytic performance has
been detected. Also, no relevant alteration in terms of the 4-CP degradation rate constant has been
measured, thus highlighting the effectiveness of this material for photocatalytic water treatment [75].

 
Figure 8. (a) Ultraviolet (UV)–visible absorption spectra of the 4-CP containing sample, in the course of
the heterogeneous photocatalytic experiment assisted by hollow TiO2 microspheres as photocatalyst.
The TiO2 has been separated from the aqueous solution of 4-CP by filtration, before recording the
absorption spectrum (b) FESEM high magnifications micrography of TiO2 hollow microspheres.
Reproduced with permission from ref. [75] http://creativecommons.org/licenses/by-nc-nd/2.5/in/.
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3.2. Air Treatment

Photocatalytic processes, assisted by TiO2, have in recent years shown a great potential in the
abatement air pollutants as NOx gases (commonly referred to as nitrogen monoxide, NO, and nitrogen
dioxide NO2), and volatile organic compounds (VOCs) [76]. VOCs represent a major group of indoor
air pollutants responsible of the production of tropospheric ozone and secondary organic aerosol with
several adverse health effects [77]. Indeed, several VOCs such as halogenated hydrocarbons, ketones,
alcohols and aromatic compounds are toxic and carcinogenic pollutants. Moreover, the interaction of
NOx with VOCs provokes the formation of by-products even more dangerous than NOx gases, such as
nitrous acid and peroxyacyl nitrate (PAN) [3]. Recently, several examples concerning the application of
mesoporous TiO2 material to removal of NOx and VOCs have been reported in literature [78,79].

3.2.1. Photocatalytic Abatement of NOx by Using Mesoporous TiO2

Mesoporous TiO2-based films are widely studied for photodecomposition processes based on the
surface-adsorbed reactants, because the large surface area of mesoporous TiO2 determines an increased
amount of adsorbed resulting in an enhancement of their decomposition rate [79,80]. A relevant
example of mesoporous TiO2-based film applied to air purification has been reported by Kalousek et al.
The TiO2-based film is synthetized by a template-assisted method based on the evaporation-induced
self-assembly mechanism which allows to control the film thickness and consequently its surface area
and pore volume [79]. NOx degradation assisted by porous films has been investigated and compared
with that achieved by means of commercial Pilkington Active Glass. The film obtained exhibits a very
high photocatalytic efficiency probably due to their peculiar morphological properties such as large
surface area and pore volume. Such a valuable photoactivity has been assumed to arise from the local
increase of compound’s partial pressure reacting in the nanopores or cavities of the film in proximity
to the photocatalytic sites. Moreover, the high selectivity towards nitric acid has been ascribed to the
strong adsorption of the intermediate products. Balbuena et al. have reported as innovative solution
for environmental remediation, mesocrystalline anatase NPs synthesized by hydrothermal method
easily up scaled to industrial level [81]. The obtained TiO2 photocatalyst (namely TiO2 A350) exhibits a
suitable nanostructure and porosity, with a surface area and pore volume of 63.5 m2/g and 0.22 cm3/g,
respectively. The oxidation of NO is evaluated by using a laminar flow reactor and an artificial sunlight
as irradiation (25 and 550 W m−2 for UV and visible irradiances, respectively). The final product
presents a higher degradation efficiency and selectivity for the NOx abatement than TiO2 P25 (Figure 9),
due to probably to the presence of mesopores which increases the surface area of the samples and the
accessibility for the reactant molecules.

3.2.2. Photocatalytic Abatement of Volatile Organic Compounds (VOCs) by Mesoporous TiO2

Similarly, in NOx degradation, photocatalytic processes assisted by TiO2 surfaces may potentially
remove VOCs, because photogenerated •OH radicals and superoxide radicals can promote their
mineralization leading to water vapour H2O and carbon dioxide (CO2) [15,82]. Generally, the
degradation of VOCs leaves a recalcitrant carbonaceous residue accumulation on the photocatalyst
surface as a result of incomplete oxidation of VOCs, which causes catalyst deactivation decreasing
the photocatalytic efficiency [83]. Several efforts have been devoted to remove this drawback that,
in spite of the long-term photocatalytic stability, still represents a big challenge for the degradation
process of VOCs. A possible solution is given by the use of mesoporous TiO2, that, due to the channels
in the structure, increases the density of highly accessible active sites thus promoting the diffusion
of reactants and products as a consequence of the capability of absorbing pollutant molecules [83].
A mesoporous TiO2-based system has been fabricated by Ji et al., as a promising photocatalyst for the
oxidation of gaseous benzene [83]. This material exhibits a higher photocatalytic performance and
stability towards benzene degradation compared to commercially available TiO2 P25. In particular,
among others, the material obtained upon calcination at 400 ◦C has shown a good mesoporous
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structure and superior capacity for benzene adsorption. Nowadays, photocatalytic materials for
filter represent another relevant application devoted to air purification systems [84]. In order to
fabricate effective photocatalytic filters porous foams have been identified as solid supports due to
their high open porous structure with large surface area, that provide excellent structure for gas
passing while maintaining a high level of surface contact and low level of pressure drop. Among
the photocatalytic filters for commercial environmental purifiers, TiO2-immobilized ceramic foams
represent a very effective system, especially for reducing indoor air pollution caused by VOCs [84].
Recently, Qian et al. have fabricated hydro-carbon foams (CFs) as support for TiO2 photocatalyst
for an indoor air treatment application resulting in TiO2/hydro-CFs [82]. These CFs are prepared by
waste polyurethane foams (PUF), while phenolic resin is used as a hard template and a carbon source.
Mesoporous TiO2 coatings are uniformly deposited on the foam by a self-assembly sol-gel method. The
TiO2/hydro-CF exhibit obtained enhanced photocatalytic oxidation activity for VOCs under UV–vis
and visible light irradiation, probably due to the synergic combination of TiO2 and CF that promote
the mass transfer and the accumulation of pollutant molecules at the interface photocatalyst/substrate
according to the mechanism proposed in Figure 10.

 
Figure 9. Mesocrystalline TiO2 NPs are synthesized using a hydrothermal method as a photocatalyst
for NOx abatement. The diagram reports NO conversion (%, grey), NO2 released (%, pink), NOx
conversion (%, orange) and selectivity values (%, green) for A350 Titania (“as prepared” sample) and
P25 TiO2 (as reference material) after five hours of light irradiation. The selectivity is here intended
as the complete conversion of NO in nitrate or nitric acid, that leads to the efficient removal of NOx
species. In terms of NOx removal capability, the prepared titania appears to be a desirable photocatalyst,
which combines high efficiency in photochemical NO conversion (grey bar) and selectivity (green
bar), resulting in the highest NOx conversion (orange bar). Reproduced with permission from [81].
Copyright© 2019.
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Figure 10. Schematic mechanism of the proposed photocatalytic oxidation of volatile organic compounds
(VOCs) in O2 under UV–vis and visible light irradiation for mesoporous TiO2/hydro-CF. Mesoporous
TiO2 films (brown spots) can be excited to form e−/h+ under UV–vis and visible light irradiation.
The h+ is one of the strong oxidant for gaseous VOCs mineralization. Moreover, TiO2/hydro-CF
substrate adsorb the VOCs molecules increasing the concentration of VOCs at the interfacial between
of photocatalyst and substrate, as well as facilitate the mass transfer of VOCs due to the macroporous
structure. Reproduced with permission from [82]. Copyright© 4472401418350, 2018 Elsevier.

4. Conclusions

Here an overview of recently reported synthesis protocols suited for the large- scale preparation
of mesoporous TiO2 has been provided. The reviewed syntheses have been selected to comply with
the criteria of scalability, morphological and structural control, and use of safe and affordable TiO2

precursors. Mesoporous TiO2 as a photocatalyst offers multifold advantages such as high specific
surface area, the high density of surface hydroxyl moieties, and improved absorption of UV. Several
examples of TiO2 mesoporous TiO2 have been accounted for and discussed. Overall mesoporous
TiO2 has been demonstrated to show a great potential in the field of TiO2-based environmental
photocatalysis, also considering that currently available synthetic routes are suitable for up-scaling
production of TiO2 NPs, while still ensuring a high control over size, shape, structure and textural
properties. However, great efforts are still required in order to fully elucidate the interaction with UV
light, accomplish useful surface functionalization and thoroughly assess the safety issues related to the
real application of nanosized TiO2-based photocatalyst.
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Abstract: Diclofenac (DCF) is one of the most detected pharmaceuticals in environmental water
matrices and is known to be recalcitrant to conventional wastewater treatment plants. In this
study, degradation of DCF was performed in water by photolysis and photocatalysis using a
new synthetized photocatalyst based on hydroxyapatite and TiO2 (HApTi). A degradation of
95% of the target compound was achieved in 24 h by a photocatalytic treatment employing the
HApTi catalyst in comparison to only 60% removal by the photolytic process. The investigation
of photo-transformation products was performed by means of UPLC-QTOF/MS/MS, and for
14 detected compounds in samples collected during treatment with HApTi, the chemical structure
was proposed. The determination of transformation product (TP) toxicity was performed by using
different assays: Daphnia magna acute toxicity test, Toxi-ChromoTest, and Lactuca sativa and Solanum
lycopersicum germination inhibition test. Overall, the toxicity of the samples obtained from the
photocatalytic experiment with HApTi decreased at the end of the treatment, showing the potential
applicability of the catalyst for the removal of diclofenac and the detoxification of water matrices.

Keywords: diclofenac; hydroxyapatite; photocatalysis; transformation products; toxicity

1. Introduction

The most common wastewater treatment plants (WWTPs) used worldwide are mainly based
on the activated sludge technique and are not able to remove and/or degrade several families of
trace compounds, known as “contaminants of emerging concern” (CECs). Particularly, the use of
pharmaceuticals (PhACs) in everyday human life, continually introduced from the market for the
healthy population and easily accessible without a prescription, represents a relevant source of
contamination of the aquatic environment, as several of these are not completely metabolized by the
human organism; they are, therefore, eliminated by urine and faeces [1–3].

Moreover, biological processes in WWTPs as well as subsequent chemical treatments may convert
PhACs into transformation products (TPs) that can be more toxic than their parent compounds [4–6].
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Several toxicological and ecotoxicological studies have been performed to obtain an overview of the
risk assessment of TPs detected in waters and wastewaters [7–9].

Both trace compounds and their relative TPs have been found in different environmental
compartments, including WWTP effluent, surface water, groundwater, drinking water, soil, sediments,
and sludge, and their concentration ranged from μg L−1 to ng L−1. At present, CECs are not regulated,
but the relevance of addressing this issue was acknowledged by the Directive 2013/39/EU listing
priority substances and further supported by the implementation of Decision (EU) 2015/495 [10].
In addition, no relevant knowledge is available about the potential ecological impacts of CECs.
The continuous discharge of and long-term exposure to these contaminants, however, may have
long-term effects on human health. Reproductive impairment, hormonal dysfunction, development of
antibiotic-resistant bacteria, and cancer may be possible consequences [11,12].

Among the PhACs, biodegradation of nonsteroidal anti-infiammatory drugs (NSAIDs) has been
found to be slow or negligible. Several reviews published in recent years have discussed the occurrence,
persistence, and fate of the diclofenac (DCF). DCF is one of the most detected PhACs in the water
matrix and it is recalcitrant to conventional wastewater treatment plants. Data reported in the literature
have shown that WWTPs remove DCF with an efficiency in the range of 21–40% [13–16].

After consumption, DCF is mostly transformed into hydroxyl metabolites from human metabolism
and subsequently excreted from the body in the aqueous environment. Furthermore, more DCF
metabolites are present in aqueous matrices due to biological processes in WWTPs which convert
DCF to hydroxydiclofenac; the same process takes place through a photochemical process, i.e.,
photolysis. These data highlight that not only DCF but also its metabolites and photo-transformation
products with different physicochemical properties can be sources of contamination in the aqueous
environment [17,18].

The literature reports that the combination of biological processes with advanced oxidation
processes (AOPs) led to increased efficiency in the removal of organics [19,20]; because of this, a great
amount of work has been published on AOPs as efficient treatments for the removal of PhACs and their
metabolites in water [21–23]. Among the AOPs, particular attention has been given to heterogeneous
photocatalysis based on materials such as TiO2, as they represent a promising and environmentally
sustainable wastewater treatment technology. Their activity is based on the formation of highly
reactive OH radicals which are nonselective and have a high oxidative power (E0 = +2.80 V) [24,25].
In the field of photocatalysis, a large number of new TiO2-based photocatalysts have been developed
combining TiO2 with other materials that can enhance its performance [26–29]. The combination
with hydroxyapatite (Ca10(PO4)(OH)2, HAp), in particular, seems very promising due to its excellent
absorption properties. In fact, in a multiphasic HAp-TiO2 material, pollutants get adsorbed on the
surface more easily, leading to a higher degradation rate ([30] and references therein).

A recent study showed that it is possible to obtain a photocatalyst based on HAp and TiO2

using cod fish bones as a source; HAp, in fact, is the main component in human and animal bones.
Piccirillo et al. showed that treating the bones in a Ti (IV)-containing solution and successively calcining
them leads to a photoactive multiphasic material [31]. This material was tested in the degradation
of DCF in aqueous matrices using a bench-scale system [32]. Results showed that when compared
to photolysis, HAp-titania significantly increases the diclofenac removal and is also effective when
employed in a complex matrix (wastewater) or when reused in subsequent cycles of treatments.
FTIR measurements of the photocatalyst taken before and after the photodegradation experiments
showed that the powder material did not present any significant property change [32].

However, measurements of total organic carbon at the end of the experiments showed incomplete
mineralization of the target pollutant. This indicates the production of some TPs which can be less
biodegradable and/or more toxic than the parent compound.

Previous studies have investigated diclofenac TPs in water matrices after photocatalytic
degradation [33–35]; to the best of our knowledge, however, no work has been done when
hydroxyapatite-based catalysts were used.
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The aim of this work is, therefore, a follow-up of the experimental results described in E. Màrquez
Brazòn et al.’s work [32] in order to investigate the possible presence of photo-transformation products
of diclofenac in water after photolysis and photocatalysis with hydroxyapatite and TiO2 (HApTi) and
to assess their level of toxicity in comparison with the parent DCF.

The investigation of TP structure was performed by means of an analytical approach based on
high-resolution mass spectrometry coupled with liquid chromatography (LC-HRMS), providing a
proposed molecular formula and elucidating the respective chemical structures [36]. Considering the
proposed chemical structures of the identified TPs, the degradation mechanism of DCF with only
photolysis and with photocatalysis (in the presence of a hydroxyapatite-based catalyst) was compared.
Finally, for a complete risk valuation study on TPs of DCF formed during the investigated treatments,
determination of their toxicity was performed by using different assays: Daphnia magna acute toxicity
test, Toxi-ChromoTest, and Lactuca sativa and Solanum lycopersicum germination inhibition test.

2. Materials and Methods

2.1. Chemicals

DCF was purchased from Sigma-Aldrich (Steinheim, Germany). HPLC-grade methanol (Riedel-de
Haën, Baker) was used to prepare a stock standard solution of DCF as well as for ultra-performance
liquid chromatography (UPLC) analysis. Ultrapure water (18.2 MΩcm, organic carbon ≤ 4 μg/L) was
supplied by a Milli-Q water system (Gradient A-10, Millipore SAS, Molsheim, France) and used for
both UPLC analysis and to perform investigated treatments. All the analysed samples were previously
filtered on syringe CA membrane filters with a 0.45-μm pore size.

2.2. Synthesis and Characterisation of HApTi

A detailed description of the photocatalytic material preparation and characterization was
previously published [31]. Briefly, the photocatalyst was prepared from cod fish bones, which were
treated in a basic Ti(SO4)2 solution and successively calcined at 800 ◦C. The powder was constituted by
hydroxyapatite (HAp), tricalcium phosphate, and TiO2 (anatase) in a proportion of 54, 45, and 1 wt %,
respectively. For a more complete description of the material, see the reference literature.

2.3. Bench-Scale Experiments

Photocatalysis experiments were performed as previously described [32]. Briefly, a volume
of 50 mL of DCF solution at 5 mg/L in distilled water was placed in 100-mL flasks with 0.2 g of
photocatalyst to achieve a concentration of 4 g/L. The flasks were magnetically stirred and irradiated
from the top with a XX-15 BLB UV lamp (λ 365 nm) (see reference [37] for the full emission spectrum);
the irradiation density was 1.80 mW/cm2 (value given by the producer). Experiments were also
performed as described above but with no photocatalyst to monitor the DCF degradation due to
UV illumination. Before starting the experiments, the solutions were left stirring in the dark for
30 min to ensure that removal of DCF was due to photodegradation and not to adsorption on the
surface of the photocatalyst. Samples were taken at regular intervals to assess the degradation of
DCF. DCF concentration was determined by a validated HPLC-UV method [38,39]. Experiments were
performed in duplicate. New experiments were performed in triplicate for the identification of the TPs.
Samples were analysed by UPLC-QTOF/MS/MS as described in the following section.

2.4. Analytical Setup and Data Processing

An Ultimate 3000 System (Thermo Fisher Scientific, Waltham, MA, USA) interfaced with a
TripleTOF 5600+ high-resolution mass spectrometer (AB-Sciex), equipped with a duo-spray ion source
operated in electrospray (ESI) mode (in positive and negative ion modes), was used to identify TPs.
An information-dependent acquisition (IDA) method was used.
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The mass spectrometer was calibrated using standards recommended by AB SCIEX for calibrating
the AB SCIEX TripleTOF® 5600 Instrument, i.e., ESI Positive Calibration Solution and ESI Negative
Calibration Solution. These solutions consist of a list of TOF MS Calibration Ions in the range of
140–1500 Da, including reserpine and sulfinpyrazone for MS/MS calibration in positive and negative
mode, respectively, for which the list of product ions is known. All the information related to these
lists are saved in reference tables available in the calibration section of the instrument. Briefly, before a
run of analyses, a manual calibration was carried out by injecting the calibration solution by means of
a Calibrant Delivery System (CDS) in tuning mode. Each calibration solution was configured on the
CDS by a specific valve position. The instrument was therefore calibrated by comparing the exact mass
of the acquired ions (experimental mass) with respect to that of the ions listed in the reference tables
(theoretical mass), both in TOF MS and Product Ion MS/MS mode. When the batch was submitted,
the calibration samples were inserted into the queue every five samples. Each run started with a
calibration sample. With the CDS configured, the software automatically created a calibration method
that matched the acquisition method that was used for the next sample in the queue. Calibration data
were saved to a separate data file for each calibration sample.

The MS interface conditions for sample acquisition were the following: curtain gas (psig) 35, ion
source gas 1 nebulizer gas (psig) 55, ion source gas 2 turbo gas (psig) 55, IonSpray voltage (V) 5500
(positive mode) and −4500 (negative mode), source temperature (◦C) 450, declustering potential (V)
80, m/z range 100–1000 Da.

A Waters BEH C18 column 2.1 × 150 mm, 1.7 μm, was used for the chromatographic separation,
operating at a flow of 0.200 mL/min. Five-microliter samples were injected and eluted with a binary
gradient consisting of 1.5 mM ammonium acetate in H2O/MeOH 95/5 (A) and 1.5 mM ammonium
acetate in methanol (B) as follows: 0% B at the initial point, linearly increased to 95% in 12 min,
and held for 5 min. A 7-min equilibration step at 0% B was used at the end of each run to bring the
total run time per sample to 24 min. As for the data processing, both suspect target and nontarget
screenings, with identification of already known in the literature and novel TPs, respectively, were
carried out. Specifically, all the collected samples corresponding to the reaction times for a specific
treatment were processed by a specific analytical protocol, including two steps:

- Suspect screening: The AB-Sciex software, i.e., SciexOS 1.2, PeakView 2.2, MasterView 1.1,
and LibraryView 1.1.0, were employed by using a list of likely TPs collected from the literature
or from prediction models. The samples were screened for those candidates on the basis of
the mass exact, isotopic pattern, fragmentation MS/MS patter, and chromatographic retention
time. However, since no reference standards are available for all revealed TPs, the subsequent
confirmation of the analytes is not completely possible. Therefore, the molecular formula and
structure of suspected molecules can be only predicted.

- Nontarget screening: An open source software, i.e., enviMass 3.5 [40], was used for the
investigation of compounds for which no previous knowledge is available and which is usually
carried out after suspect screening. Briefly, after a first step of peak picking, the following steps
include the removal of peaks found also in the blank sample, the mass recalibration, and the
componentization of isotopes and adducts.

The assignment of the molecular formula to the accurate mass of the selected peak was performed
using AB-Sciex software. Moreover, based on the interpretation of the fragmentation pattern generated
in MS/MS acquisition, a candidate structure was assigned to the identified TPs, which provided a tool
to hypothesize a possible degradation pathway.

2.5. Toxicity Test

The toxicity of DCF solutions was evaluated through bioassays in samples collected at the times
0, 4, 6, and 24 h in the duplicate experiments, initially performed both with and without photocatalyst
for assessing the DCF decay. Samples were analysed without dilution in order to assess the evolution
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of whole sample toxicity during photodegradation experiments and to compare the resulted final
toxicity in the presence and absence of the photocatalytic material. All toxicity assays were performed
in quadruplicate of combined duplicate samples from photodegradation experiments.

The 24–48-h immobilization of crustaceans D. magna bioassays were performed using Daphtoxkit
F Magna (MicroBio Tests, Mariakerke (Gent), Belgium) following manufacturer recommendations.
The toxicity was measured as the immobilization of D. magna according to the procedures of OCED
Guideline 202 [41] and ISO 6341 [42] after 15-min exposure.

The Toxi-ChromoTest (EBPI, Mississauga, ON, Canada) was used according to manufacturer
instructions to determine the samples’ potential for the inhibition of the de novo synthesis of an
inducible β-galactosidase by an E. coli mutant. The activity of the enzyme was detected by the
hydrolysis of a chromogenic substrate.

The acute bioassay with L. sativa and S. lycopersicum evaluated the potential toxicity considering
the inhibition of seed germination and root and shoot elongation according to OECD Guideline 208 [43].
Experiments were performed in triplicate at 25 ◦C for 7 days. The inhibition normalized on negative
control data were expressed as percentage of effect.

3. Results and Discussion

In the present work, the experimental setup used for photodegradation was slightly changed
compared to previous experiments [32] to have a higher irradiation dose and, hence, higher degradation
efficiency. The results of photodegradation of DCF plotted in Figure 1 showed that in the photolytic
assay, i.e., containing no catalyst, a removal of about 60% of the target compound was observed,
and the presence of the HApTi catalyst increased the degradation to 95% at the end of the experiment,
demonstrating the photocatalytic efficiency of the catalyst for DCF removal.

Figure 1. Diclofenac (DCF) photodegradation over time by UV photolysis (no photocatalyst) and UV
photocatalysis employing hydroxyapatite and TiO2 (HApTi) catalyst in solution (DCF concentration
5 ppm; HApTi catalyst concentration 4 g/L). Error bars refer to standard deviation of duplicate samples.

3.1. Identification of the Transformation Products Produced by DCF Photodegradation

Although almost 95% and 60% of DCF was removed under the investigated treatment in the
presence of HApTi and only UV light, respectively. The TOC measurements showed that the
pharmaceutical was not completely mineralized [32]. From this perspective, samples collected at
different irradiation times (0, 4, 6, and 24 h) during both photolytic and photocatalytic experiments
were analysed for TPs by UPLC/ESI-QTOF-MS-MS. The acquired chromatograms showed several
peaks, of which only the main ones were identified by merging output results of both the suspect
and nontarget screening protocol. In the first step of identification, the samples were processed by
querying the detected peaks with a list of the main TPs collected from already published works in

30



Materials 2018, 11, 1779

which DCF photodegradation was investigated [15,33,44–47]. Based on the analyses acquired in full
scan mode as well as on the corresponding exact masses, considering both the isotopic cluster of
molecular ions and the fragmentation pattern, 10 major photo-transformation products were identified.
The analytical protocol employed for nontarget screening also allowed the detection of four new
photo-transformation products clearly showing in the mass spectra the characteristic isotopic cluster
of chlorine-containing compounds.

In Table 1, the accurate masses (calculated and measured) of the 14 detected Photo TPs,
the ionization mode acquisition, the predicted formula, and the calculated mass errors are listed.
The accurate mass results were found with an error in a range between −2 and +1 ppm,
thus providing the assignment of proposed elemental compositions with confidence. For each potential
photo-transformation product, the elucidation of the structure was assessed based on the interpretation
of the accurate mass of the MS/MS fragments as well as considering all the reaction mechanisms
likely to occur in the oxidation processes applied for DCF removal, i.e., photocatalysis using HApTi as
a catalyst (Figure 2). Oxidation is one of the major degradation mechanisms during photocatalytic
treatment. Indeed, the formation of oxidized compounds was confirmed by the identification of Photo
TPs, the predicted formula of which showed an increase of oxygen atoms with respect to the parent DCF
elemental composition. An oxidative displacement of chloride from DCF was proposed for Photo TP-1,
with a decrease of 18 Da in terms of m/z resulting from the loss of HCl and subsequent hydroxylation,
whereas an increase of 16 Da was indicative of DCF hydroxylation in Photo TP-2. Although MS
data were not enough to define the exact position of the hydroxyl group, the fragment m/z 166.0643
detected on Photo TP-2 (Table 1) proved that the hydroxylation occurred on the nonchlorinated ring.

Table 1. DCF photo-transformation products detected by UPLC/ESI–QTOF–MS IDA.

Compounds
Ionization

Mode
Calculated

m/z
Measured

m/z
ppm
Error

Products MS/MS
Predicted
Formula

Ref.

Photo TP-1 ESI (+) 278.0579 278.0577 −0.6 168.0794, 196.0755, 232.0508, 260.0470 C14H12ClNO3 [44]
Photo TP-2 ESI (+) 312.0189 312.0186 −1.0 166.0643, 194.0612, 230.0357, 265.9974 C14H11Cl2NO3 [44,47]
Photo TP-3 ESI (+) 310.0032 310.0031 −0.4 166.0657, 201.0345, 263.9987, 291.9941 C14H9Cl2NO3 [44,47]
Photo TP-4 ESI (−) 323.9836 323.9835 −0.3 152.0507, 208.0423, 252.0300, 280.0045 C14H9Cl2NO4 [15]
Photo TP-5 ESI (+) 282.0083 282.0084 0.4 166.0646, 194.0598, 229.0285, 263.9979 C13H9Cl2NO2 -
Photo TP-6 ESI (−) 266.0145 266.0147 0.8 127.0543, 166.0662, 184.0961, 206.0185 C13H11Cl2NO [44,45]
Photo TP-7 ESI (+) 276.0422 276.0420 −0.8 166.0650, 194.0597, 202.0424, 230.0360 C14H10ClNO3 -
Photo TP-8 ESI (−) 246.0327 246.0329 0.7 141.0214, 164.0516, 200.0265, 228.0234 C13H10ClNO2 -
Photo TP-9 ESI (−) 230.0378 230.0378 −0.1 143.113, 166.0646, 194.0606, 215.0134 C13H10ClNO -

Photo TP-10 ESI (+) 260.0473 260.0468 −1.8 125.0442, 151.0545, 165.0902, 179.0732 C14H10ClNO2 [33,45]
Photo TP-11 ESI (−) 214.0430 214.0431 1.1 65.9613, 138.0405, 142.9975, 178.0652 C13H10ClN [45]
Photo TP-12 ESI (−) 240.0666 240.0667 0.3 99.9485, 142.0667, 168.0815, 196.0768 C14H11NO3 [33,45,46]
Photo TP-13 ESI (+) 256.0604 256.0604 −0.1 95.0885, 127.0543, 182.0595, 210.0552 C14H9NO4 [15]
Photo TP-14 ESI (−) 196.0768 196.0768 0.2 59.0159, 135.0128, 152.0321, 168.0804 C13H11NO [45]

Photo TP-3 revealed two fewer hydrogen atoms with respect to Photo TP-2 with the formation
of an additional double bound. The presence of the carboxylic acid functionality confirmed by the
MS/MS fragment (fragment showed the loss of CO2) led to assigning the structure of a benzoquinone
imine species to the Photo TP-3. For Photo TP-4, a mass increase of 16 Da in relation to Photo TP-3
reveals a subsequent addition of one oxygen atom; according with the fragmentation pattern, this could
be explain by a hydroxylation on the chlorinated ring. The Photo TP-5 (MW 281 Da) and Photo TP-6
(MW 267 Da) were rationalized to be formed from Photo TP-4 and Photo TP-2, respectively, both by a
decarboxylation reaction of the aliphatic chain.

From plotting the time profiles of the identified Photo TPs (Figure 3), it is evident that Photo TP-1,
TP-2, TP-3, TP-4, TP-5, and TP-6 are formed only during the photocatalytic treatment in the presence of
HApTi, with an intensity that significantly increased during the first hours of treatment (Figure 3a–f).
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Figure 2. DCF degradation pathway proposed for the Photo TPs identified during treatment with HApTi.

The loss of one chlorine atom from Photo TP-1 and the subsequent cyclization reaction, forming a
five-membered ring with nitrogen, generated Photo TP-7. The time profiles show that TP-7 formation
increases with the time of photocatalytic treatment, as does Photo TP-9, which forms from Photo
TP-6 by a loss of one chlorine atom (Figure 3g,i). Photo TP-8 is formed both during photolysis and
photocatalysis, but only the latter treatment was able to quickly remove it (Figure 3h).

As for Photo TP-10, the isotopic pattern of which indicates the presence of only one chlorine
atom, a chlorocarbazole acetic acid structure was proposed. Considering the mass decrease of 44 Da
between Photo TP-10 and Photo TP-11 and the predicted formula, Photo TP-11 corresponds to the loss
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of the carboxylic acid group. Photo TP-12 revealed a mass decrease of 18 Da with respect to Photo
TP10; the absence of the typical isotopic pattern of chlorine and the assigned formula for the detected
compound could be attributed to the replacement of the chloride atom with the OH group.

The time profiles of these products (Figure 3j–l) reveal no significant difference between photolysis
and photocatalysis. In both treatments, the detected TPs achieve the maximum of formation after
4 h of treatment with a subsequent decay. Although the removal is not complete at the end of the
treatments, it was slightly faster in the presence of HApTi.

Two more products of MW 255 and 197 Da were observed and the molecular ion isotopic cluster
indicated that no chlorine atom was present in both of these products, Photo TP-13, and Photo TP-14,
respectively. The photolytic treatment generates Photo TP-13 with higher intensity with respect to
photocatalytic treatment, with a subsequently slower removal of the compound over time (Figure 3m),
whereas a complete removal for Photo TP-14 at the end of both treatments was observed.

Figure 3. Cont.
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Figure 3. Time profiles of detected Photo TPs during investigated treatments, namely, photolysis (only
UV light) and photocatalysis (UV light in the presence of HApTi). Error bars refer to standard deviation
of triplicate samples.

The time profiles of the identified Photo TPs (Figure 3) show the average values of the peak area
measured during three subsequent cycles of both photolytic and photocatalytic treatments for DCF
removal. In each cycle of photocatalysis, the HApTi catalyst was removed from the aqueous solution by
means of a centrifugation step at the end of the treatment and then reused for a new subsequent batch
of photocatalytic treatment. The results confirm the general trend of identified Photo TPs, for which
some transformation products tend to accumulate in the water matrix and some others are transiently
formed with a tendency to disappear. Moreover, the results showed that the photocatalytic activity of
HApTi catalyst is approximately the same in different subsequent cycles of treatment.

3.2. DCF Degradation: Photolysis versus Photocatalysis with HApTi

Based on the 14 identified Photo TPs, a pathway of DCF degradation in the presence of HApTi
was proposed (Figure 2). The principal degradation mechanisms were explained by hydroxylation,
oxidation, and decarboxylation reactions. Among these products, six Photo TPs were also identified
during photolytic treatment (Figure 3 h, j–n) in the presence of only UV light. Moreover, 22 additional
molecular ions (Table 2) showing significant abundance only in the LC-MS chromatograms of
photolysis samples by comparing the initial and the last sample (time zero with respect to reaction
time 24 h) were detected between 13.3 and 13.6 min (Figure 4) by nontarget screening in positive
mode ionization.
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Figure 4. Total ion chromatogram acquired for both (a) photolysis and (b) photocatalysis in the presence
of HApTi comparing time zero with respect to time 24 h.

Table 2. DCF photo-transformation products detected in positive ionization mode in the 24-h
photolysis sample.

Compounds
Measured

m/z
Retention

Time (min)
MS Error

(ppm)
Predicted
Formula

Formula Finder
Score

Profile as
Function of Time

Ion-1 230.2471 13.37 1 C14H31NO 39.7 Increase
Ion-2 258.2789 14.18 −1 C16H35NO 40 Increase
Ion-3 352.3052 13.66 0.2 C14H37N7O3 18.1 Increase
Ion-4 379.3046 13.67 0 C21H38N4O2 43.1 Increase
Ion-5 383.2867 13.67 0.1 C17H34N8O2 73.7 Increase
Ion-6 396.3316 13.67 −0.8 C16H41N7O4 25.4 Increase
Ion-7 427.3124 13.66 0.4 C19H38N8O3 67.8 Increase
Ion-8 440.3575 13.67 −0.7 C23H45N5O3 23.2 Increase
Ion-9 449.3258 13.66 −0.4 C23H40N6O3 26.3 Increase

Ion-10 459.4875 13.38 0.2 No formula found 0 Increase
Ion-11 471.3387 13.65 −0.1 C21H42N8O4 33.8 Increase
Ion-12 484.3839 13.68 -1 C25H49N5O4 25.6 Increase
Ion-13 493.352 13.65 −0.6 C22H48N6O4S 72.9 Increase
Ion-14 537.3772 13.64 0.7 C20H48N12O3S 40.5 Increase
Ion-15 559.3899 13.64 1 C21H46N14O4 45.3 Increase
Ion-16 572.4355 13.68 −0.2 C26H49N15 37.8 Increase
Ion-17 577.3903 13.69 0.5 C38H48N4O 91.8 Increase
Ion-18 581.4031 13.63 0.7 C25H48N12O4 14.9 Increase
Ion-19 621.4163 13.68 0.3 C30H48N14O 30.6 Increase
Ion-20 704.5142 13.67 −0.6 No formula found 0 Increase
Ion-21 748.5391 13.67 0.1 No formula found 0 Increase
Ion-22 792.5668 13.66 −0.4 No formula found 0 Increase

An accurate processing of the 20 detected molecular ions by AB-Sciex software allowed us to
define for each one a consistent elemental composition based on the exact mass and isotopic pattern.
The obtained elemental compositions seem to be mainly nitrogen-containing compounds, but since
not enough data are available in the literature about these products, further investigation would be
needed in order to identify a relative molecular structure.

These 20 TPs were detected only in samples collected during photolytic treatment; indeed, no
evidence of such TPs was found in samples subjected to photocatalytic treatment in the presence of
HApTi. This clearly indicates that the photodegradation mechanisms are significantly different when
the HAp-based photocatalyst is employed.

It is known that different reactive oxygen species (ROS) are formed with a photocatalyst under
light irradiation [30], including •OH, O2−, and h+. Depending on the nature of the catalyst and the
experimental conditions, some ROS will prevail over others and will determine the photodegradation
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mechanism [48]. This affects the nature of the TPs formed during degradation. Regarding the HApTi
photocatalyst, some studies report •OH as the main species [49,50]. The present investigation seems to
confirm these data, as the identified TPs PhotoTP-1 and TP-2 both have an OH group added to the
parent compound. Neither of these products was detected in photolysis experiments (see Figure 3a,b);
this confirms a different mechanism that does not involve such ROS.

The TPs identified for the experiment without the catalyst (Figure 3) seem to indicate that UV
irradiation induces the breaking of some chemical bonds (i.e., C–Cl) and the formation of some others
(i.e., N–H) in the DCF molecule. The identification of the TPs listed in Table 2 could give some further
clarifications. This study will be performed in the future as a separate investigation; no further details
were added here since the main aim of the present work was to assess the performance of the HApTi
photocatalyst in terms of TP toxicity.

3.3. Evaluation of Toxicity of the Treated Water

Figure 5 shows the evolution of the acute toxicity on D. magna during photodegradation
experiments. DCF solutions (5 mg/L) at the beginning of the experiments exhibit high toxicity
on D. magna (100% inhibition). It can be seen that the toxicity of the water samples obtained from the
photolysis experiment (i.e., no catalyst, Figure 5a) did not vary significantly and remained very high
after 24 h of UV irradiation; similar results were observed for a 48-h exposition. When the photocatalyst
was employed (Figure 5b), however, the toxicity drastically decreased after 4 h (15% inhibition) and
completely disappeared at the end of the experiment (24 h).

Figure 5. Acute toxicity on Daphnia magna during photodegradation of DCF using (a) UV light and
(b) UV light + HApTi. Bars in dark grey refer to 24-h immobilization, while those in pale grey to
48-h immobilization (values to be read on the left axis). Error bars refer to standard deviation of
quadruplicate measurements of combined duplicate samples. DCF concentration is reported on the
right axis and error bars refer to standard deviation of duplicate samples.
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These results indicate that, despite DCF mineralization not being complete, a significant reduction
of water toxicity was achieved; this makes photodegradation with the HApTi catalyst a very suitable
method for water decontamination.

As opposed to what happened in the test with D. magna, in the Toxi-ChromoTest, the original
DCF solution did not present any toxicity to the mutant bacteria, which was able to produce the
β-galactosidase enzyme and convert the chromogenic substrate at levels similar to negative control
(Figure 6). In the photolysis experiment, the toxicity factor increased till 6 h, reaching a maximum
of 11% inhibition; it successively decreased. In the presence of the catalyst, the toxicity increased
faster, reaching its maximum at 4 h (6.8%) but then decreased, with the final toxicity being lower than
that observed in the experiment in the absence of the catalyst. Since the original solution of DCF did
not show toxicity, it can be concluded that the toxicity observed in this test for the samples from the
photodegradation experiments is exclusively due to the toxicity of the products formed. The difference
in toxicity between the two experiments can be related to the different rates at which the TPs are
formed and then degraded; such a rate is faster when the HApTi photocatalyst is employed.

Figure 6. Acute toxicity on mutant bacteria using the Toxi-ChromoTest kit. Red and white bars refer
to photolysis and photocatalysis experiments, respectively; the values should be read on the left axis.
DCF concentration is reported for both experiments on the right axis—red and black curves respectively.
Error bars refer to standard deviation of quadruplicate measurements of combined duplicate samples.

The toxicity trend of L. sativa and S. lycopersicum exposed to DCF during photodegradation sample
(no catalyst) is reported in Figure 7; data for the experiments with the catalyst are not shown since
no inhibition at all was observed for the whole photocatalysis process for both seeds. For L. sativa
(Figure 7a), there was no inhibition of germination for the whole 24-h period of the photolysis
experiment. Considering the growth of the germinated seeds, however, a small inhibition of the root
growth was observed for the initial DCF sample (0 h). This low toxicity is in agreement with results
previously reported for the phytotoxicity of this pharmaceutical on L. sativa [1]. The inhibition on root
growth increased at 4 h of photolysis; for this time, an inhibition of shoot growth was also registered.
The root growth inhibition was lower at 6 and 24 h; however, values still higher than those of the
original DCF sample were seen. This is in agreement with literature, since increased phytotoxicity
of DCF photolysis transformation products in relation to parent compound was also observed after
exposure to sunlight [2]. Moreover, some inhibition was also observed for the shoot growth, which
was not registered for the original DCF.

In the case of S. lycopersicum, an inhibition of all the analysed parameters was seen with the
exposure to the initial DCF sample; also, the inhibition of germination increased during photolysis.
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This indicates that exposure to DCF intermediates produced in the absence of photocatalyst was more
inhibitory for seed development than the initial DCF solution.

These data show that for both seeds, the intermediates produced by photolysis, i.e., with no
photocatalyst, are more toxic than the parent DCF compound; for the photocatalytic experiments, on
the other hand, no toxic effects were observed. These data show that photocatalysis using the HApTi
catalyst is a more effective way to degrade DCF without generating toxic compounds. Faster DCF
removal and faster metabolite transformation may also play a role.

Figure 7. Acute toxicity on (a) Lactuca sativa and (b) Solanum lycopersicum during photodegradation
of DCF using UV light only (i.e., no catalyst). Experiments with the catalyst showed no toxicity at all
(data not shown). Error bars refer to standard deviation of quadruplicate measurements of combined
duplicate samples.

4. Conclusions

The present investigation demonstrated the effectiveness of the novel multiphasic
hydroxyapatite–TiO2 material for the photocatalytic treatment of diclofenac. Specifically, the novel
material gave rise to same transformation products of the photolytic treatment, but the abundance
of most of them was minimized at shorter reaction times. It is worth noting that the novel employed
catalyst has a size mesh much greater than a conventional TiO2 catalyst and, consequently, its removal
at the end of the water treatment process is much easier.

As for the toxicity investigation, it was observed that reduced toxicity of the samples resulted
from the photocatalytic experiment in comparison with photolysis and in relation to the original DCF
sample. Indeed, the hydroxyapatite–TiO2 material was effective at detoxifying the samples containing
DCF and DCF transformation products. It led to a significant decrease in the toxicity of the water
samples despite DCF mineralization not being complete. Therefore, such a catalyst represents an
interesting and eco-safe technology for DCF degradation.
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Abstract: Nanotube structured TiO2 on Ti surface were prepared in ethylene glycol (Ti/TiO2NTEG)
medium by anodic oxidation method with different times and then the plates were calcinated at
different temperatures. Non-nanotube structured Ti/TiO2, prepared by thermal oxidation method,
and nanotube structured TiO2 on Ti plate in hydrogen fluoride solution were also prepared for
comparison. Pt loaded Ti/TiO2NTEG photoanodes were also prepared by cyclic voltammetry
method with different cycles and the optimum loaded Pt amount was determined. Photoanodes were
characterized by using X-ray Diffraction (XRD), Scanning Electron Microscopy-Energy-Dispersive
X-ray Analysis (SEM-EDX), and photocurrent methods. XRD analyses proved that almost all TiO2 is
in anatase phase. SEM analyses show that nanotubes and Pt nanoparticles on nanotube surface are
dispersed quite homogeneously. The longest nanotubes were obtained in the ethylene glycol medium
and the nanotube length increased by increasing applied anodic oxidation time. In addition, a linear
correlation between nanotube length and XRD peak intensity was found. Moreover, SEM-EDX and
XRD analyses evidence that Pt nanoparticles on nanotube surface are metallic and in cubic structure.
Photoelectrocatalytic degradation of paraquat was performed using the prepared photoanodes.
Moreover, electrocatalytic and photocatalytic degradations of paraquat were also investigated for
comparison, however lower activities were observed. These results evidence that the photoanodes
show a significant synergy for photoelectrocatalytic activity.

Keywords: photoelectrocatalysis; TiO2 nanotube; Pt loaded TiO2; paraquat; polar herbicide; degradation

1. Introduction

Water pollution caused by organic pollutants (i.e., herbicides, pesticides, pharmaceuticals and
care products) is a major problem which should be faced. Some hydrophobic organic compounds
could accumulate in oil or similar mediums in which they are very stable and could cause public
health problems [1]. Therefore, their elimination needs great efforts. In recent years, the production
and application of herbicides and pesticides have been changed; polar and more easily degraded ones
have been replaced by nonpolar and stable ones [2].

Paraquat (1,1′-dimethyl-4,4′-bipyridinium dichloride) is a pyridylium herbicide and it is highly
used worldwide. Figure 1 shows the chemical structure of paraquat; its polarity and therefore its
solubility in water is very high (620 g/L). Although paraquat is prohibited by the European Union,
it is still used in almost ninety countries. The high toxicity of paraquat has serious harm to human
health and the environment, thus it is important to seek an effective degradation process [3].
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Figure 1. The chemical structure of paraquat (1,1′-dimethyl-4,4′-bipyridinium dichloride).

The chemical oxidation method using compounds such as chlorine, hydrogen peroxide and
ozone rarely provides total mineralization of water pollutants. Even though biological oxidation
is economical, the presence of poisonous and heat-resistant pollutants in water makes this method
insufficient. Resistant organic compounds could be removed by conventional methods such as
ultrafiltration and adsorption techniques. However, the main drawback of these methods is that the
pollutants pass from one phase to another one without degradation [4].

Photoelectrocatalytic (PEC) techniques could be an effective environmentally friendly alternative
for pollutant degradation as it could be performed by using water as solvent, oxygen from air as
oxidant and without additional toxic chemicals [5]. TiO2 is the most used photocatalyst because of
its high photocatalytic (PC) activity, biological and chemical stability, low cost, non-toxic formation
and non-photocorrosive nature [6–8]. Although the PC process, in which a semiconductor is used
as the catalyst and ultraviolet (UV) or ultraviolet-visible (UV-Vis) irradiation as an energy source
is a common method for elimination of harmful compounds, their application is limited due to
their low quantum yield caused mainly by high recombination rate [4]. Photoelectrocatalysis, i.e.,
the combination of heterogeneous photocatalysis with electrocatalysis, is an effective tool for hindering
the photogenerated pairs recombination and consequently for improving the yield of reactions [8,9].
This method involves the application of an external potential bias to a thin TiO2 layer deposited
on a conductive support [8,10–12]. In other words, under suitable irradiation (i.e., UV or UV-Vis),
the used bias allows the electrons to migrate across the electrode and the separation of electron (e−)
and hole (h+) pairs is improved, thus increasing the probability of reaction occurring at the working
electrode surface.

Nowadays, nanostructured TiO2 is frequently used in PEC studies in many different areas
such as degradation of harmful compounds [13,14], water splitting reactions [15,16] or partial
oxidations [9,17,18] due to its high surface area and good electron transport characteristics [19].

The first synthesis of TiO2 by anodic oxidation was investigated with basic peroxide and chromic
acid treatment by Assefpour-Dezfuly and coworkers [20]. Zwilling and coworkers [21] investigated
nanoporous titanium dioxide in fluoride-containing electrolyte, pioneering a big advancement in
this area over the last two decades. Many researchers working in this area have made great efforts
to find the optimum electrolyte conditions and experiment parameters to obtain high quality and
self-assembled titanium dioxide nanotube array. Gong et al. [22] prepared self-assembled TiO2

nanotubes with the anodization of Ti plate in H2O/HF electrolyte medium at room temperature, even
though the nanotube length was limited to a few hundred nanometers. Several micrometer length TiO2

nanotubes have been prepared in neutral electrolytes containing fluoride ions such as Na2SO4/NaF or
(NH4)2SO4/NH4F [23,24]. During the anodization process, undulatory and ring shapes were observed
in the nanotube TiO2 walls obtained by current fluctuation. In subsequent works, anodization was
carried out in organic electrolytes such as formamide, dimethylsulfoxide, ethylene glycol (EG) or
diethylene glycol containing fluoride to produce smooth and several-hundred-micrometer length
nanotube TiO2 [25,26].

The loading of noble metal nanoparticles such as Au [27], Ag [28], Pd [29] and Pt [30] on the TiO2

nanotube surface is an effective tool to increase its (photo)catalytic properties. It is evidenced that
modification of photocatalysts with the noble metals improves the PC and PEC activities by preventing
the recombination rate of the electron–hole pairs [31].
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In a previous study, we investigated the PEC synthesis of p-anisaldehyde from 4-metoxybenzyl
alcohol in water, under UV irradiation [9] by using Ti/TiO2 photoanodes prepared both by thermal
oxidation and dip-coating methods. The photoanodes prepared by thermal oxidation showed better
aldehyde selectivity and activity performance than dip-coated ones.

For the first time, we reported the selective PEC oxidation of 5-(hydroxymethyl)-2-furaldehyde
to 2,5-furandicarbaldehyde by nanotube structured TiO2 on Ti layer as photoanodes, prepared by
anodic oxidation method in HF medium [18]. In addition, the photoanodes were also platinized by
photoreduction method and both product selectivity and PEC activity significantly increased.

Althought some PC paraquat degradation works have been reported [1,32,33], in the present
work, PEC degradation of paraquat was investigated for the first time. Highly active nanotube
structured TiO2 on Ti layers as photoanodes was prepared by anodic oxidation method in EG medium
and used in paraquat degradation. The effects of anodic oxidation time on nanotube length and the
amount of Pt loading by cyclic voltammetry were also investigated. Photoanodes prepared by thermal
oxidation (Ti/TiO2-500) [9] and anodic oxidation in HF medium (Ti/TiO2-NTHF-X) [18] were used
for comparison.

2. Materials and Methods

2.1. Preparation of Ti Plates

Ti plates (5.0 cm × 8.0 cm × 0.10 cm) were used for the photoanode preparation. The plates were
grinded (800, 1000, 1200 and 1500 grids of emery papers, respectively) to smooth the surface, and then
sonicated in acetone, ethanol and water (10 min for each solvent). The Ti plates were chemically
cleaned in a solution medium containing 4% HF, 31% HNO3 and 65% H2O for 30 s. Then, the Ti plates
were again sonicated in water for 10 min and dried at room temperature.

2.2. Preparation of Thermally Oxidized Photoanode (Ti/TiO2)

The photoanode was produced by oxidizing the Ti plate surfaces by means of thermal annealing in
air (temperature increasing rate: 3 ◦C/min) at 500 ◦C for 3 h in an oven (PLF-110/10 model, Protherm
Furnaces, Ankara, Turkey). The obtained sample was labeled as Ti/TiO2-500, where 500 indicates the
thermal treatment temperature expressed in ◦C. Figure S1 shows the photo of Ti/TiO2-500 photoanode.

2.3. Preparation of Nanotube Structured TiO2 Photoanodes by Anodic Oxidation in Hydrogen Fluoride
Solution (Ti/TiO2NTHF-X)

Ti plate immersed in an aqueous solution containing 0.15 M HF [18] were subjected to an anodic
oxidation process by applying for different times a 20 V potential with a direct current (DC) power
supply device (Meili, MCH-305D-II model, MCH Instrument, Shenzhen, China). Thus, nanotube
structured amorphous TiO2 was formed on the Ti plate surface. Figure S2 shows experimental setup
system used for the anodic oxidation. In this system, carbon felt electrode was used as the cathode.
The carbon felt was immersed in a 1 M HNO3 aqueous solution for one day to make its surface
hydrophilic. In addition, the process was carried out at 200 rpm and at 18 ◦C (±2 ◦C), in a high-density
polyethylene container, instead of glass, because of the use of fluoride containing solutions.

Figure S3 shows the electrodes prepared by anodic oxidation and thermally treated at different
temperatures (400–700 ◦C, temperature increasing rate: 3 ◦C/min). These photoanodes were
named as Ti/TiO2NTHF-X-Y, where “X” refers to the anodic oxidation time (in hours) and “Y” the
calcination temperature.

2.4. Preparation of Nanotube Structured TiO2 Photoanodes by Anodic Oxidation in Ethylene Glycol
Solution (Ti/TiO2NTEG-X)

The solution used for the anodic oxidation was prepared by dissolving NH4F in a concentration of
0.3% (w/w) in a solution containing 2% (v/v) water and 98% (v/v) EG [34]. Initially, a 60 V potential was
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used [34], as the nanotubes exfoliated the voltage was decreased to 40 V. The formed TiO2 nanotubes
were in amorphous phase. To transform them to crystalline one, the electrodes were calcined at
450, 500 or 550 ◦C (temperature increasing rate: 3 ◦C/min). The prepared electrodes were named as
Ti/TiO2-NTEG-X-Y, where “X” refers to the applied voltage time (in hours) for anodic oxidation in EG
and “Y” the heat treatment temperature (◦C). The photographs of the photoanodes prepared by this
method are shown in Figure S4.

2.5. Pt Loading on Ti/TiO2NTEG-3h-500 Photoanodes

Pt loading on Ti/TiO2NTEG-3h-500 electrode was carried out by using a cyclic voltammetry (CV)
technique with an aqueous solution of 0.25 mM H2PtCl6·6H2O and 25 mM H2SO4. The Pt4+ ions in
solution were electrochemically loaded on the TiO2 nanotube surface with different cycle numbers
(voltage range: −0.4–+0.5 V, scan rate: 10 mV/s). Ag/AgCl (3M KCl) electrode was used as the
reference electrode and a Ti plate (5.0 cm × 8.0 cm × 0.10 cm) was used as the counter electrode.
Figure S5 shows voltammograms obtained during Pt nanoparticle loading on Ti/TiO2NTEG-3h-500
electrode by CV until 4 cycles. The peak at ca. −0.35 V decreased by increasing the cycle number
probably due to the decrease of Pt4+ ions concentration in solution.

2.6. Photoanode Characterization

X-ray diffraction (XRD) patterns were recorded by a Shimadzu (XRD-6000 model) diffractometer
(Shimadzu Corporation, Tokyo, Japan) by using a Cu Kα radiation (1.544 A◦) and a 2θ scan rate of
1.281 degree/min−1.

Scanning electron microscope (SEM) images were obtained by using a FEI microscope (NanoSEM
650 model, FEI Company, Hillsboro, OR, USA). SEM images were obtained by using TLD detector.
EDX spectra were taken with the EDX detector available in the SEM system. In addition SEM images
of Figures 4–6 and S6 were obtained by another SEM instrument (Carl Zeiss ULTRA Plus, Germany).

The performances of the photoanodes were determined chronoamperometrically under UV
irradiation in the same electrolyte medium used for PEC paraquat degradation.

2.7. Photo-, Electro- and Photoelectro-Reactivity Set up and Procedure

PEC and EC experiments of paraquat degradation were carried out with a three-electrode
electrochemical system connected to a computer-controlled potentiostat-galvanostat (Ivium,
CompactStat model, Ivium Technologies, Eindhoven, The Netherlands) device. In this system, Ti/TiO2

photoanodes, Pt electrode (gauze) and Ag/AgCl (3 M KCl) electrodes were used as working, counter
and reference electrodes, respectively. The sizes of the photoanode immersed part were 5.0 cm ×
6.0 cm × 0.10 cm. In the PEC and PC experiments, 6 UV fluorescent lamps (8 W) with a maximum
wavelength of 365 nm were used as the irradiation source. The PEC and EC experiments setup system
is shown in Figure S7. The distance between the photoanodes and the light source is 7 cm, and the light
intensity at this distance from the photoanode surface is about 13 W/m2. This value was determined
by a radiometer (DO9721, Deltaohm, Caselle di Selvazzano, Italy) with a probe measuring 315–400 nm.

Experiments were carried out in environmentally friendly conditions using water as the solvent
and oxygen in the air as the oxidant. The solution was in contact with atmospheric air, therefore
the concentration of dissolved oxygen was always assumed to be in equilibrium with oxygen of
the atmosphere.

The initial concentration of paraquat was 37.4 μM and the concentration of Na2SO4 used as
electrolyte was 50 mM. A Pyrex beaker of 150 mL was used as the reactor for degradation of 150 mL of
paraquat solution.

Before switching the lamp on, the solution was stirred for 10 min at room temperature under
dark condition without using any voltage to reach the thermodynamic equilibrium. During the runs,
the solution was maintained at ca. 25 ◦C.
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2.8. Analytical Techniques

Samples were withdrawn at fixed time intervals (0, 30, 60, 120 and 180 min) and analyzed by
UV-Vis spectrophotometer (UV-1700 model, Shimadzu Corporation, Tokyo, Japan). A linear calibration
graph was obtained from the absorbance values of standard solutions of paraquat. The conversion
values (%) were calculated as follows:

% Conversion = [(concentration of reacted paraquat)/(initial concentration of paraquat)] × 100

All used chemicals were purchased from Sigma Aldrich (Darmstadt, Germany) with a
purity >98.0%.

3. Results and Discussion

3.1. Characterization Results

Figures 2 and 3 show XRD patterns of nanotube TiO2 supported photoanodes. XRD patterns of
pristine Ti layer are also given as comparison. The figures show peaks at 2θ = 25.58◦, 38.08◦, 48.08◦

and 54.58◦ that belong to anatase phase; peaks at 2θ = 27.5◦, 36.5◦, 41.0◦, 54.1◦ and 56.5◦ that belong
to rutile phase [35]; and peaks at 2θ = 34.95◦, 38.25◦, 40.05◦ and 52.90◦ that belong to metallic Ti [18].
In addition, the peak values at 2θ = 39.8 ◦, 46.2 ◦ and 67.5 ◦ refer to metallic platinum [18].

Figure 2 shows XRD patterns of Ti/TiO2NTEG-3h-450, Ti/TiO2NTEG-3h-500-Pt-25cycles and
Ti/TiO2NTEG-3h-550 prepared in the EG medium and calcined at different temperatures (450–550 ◦C).
The prepared photoanodes contain bands of TiO2 mainly in anatase phase and of metallic Ti, whereas
only traces of rutile were found. It can be noticed that the peak intensity of Ti decreases by increasing
the calcination temperature, while the peak intensity of anatase increase. The most thermodynamically
stable phase of TiO2 is rutile [36], therefore its peak intensity increases by increasing the heat
treatment temperature.

Pt was not observed for the sample Ti/TiO2NTEG-3h-500-Pt-4cycles since Pt amount is not enough
to be determined by XRD analysis. On the contrary, XRD analysis of Ti/TiO2NTEG-3h-500-Pt-25cycles
sample show that the loaded Pt is in metallic form (Figure 2 and Figure S8).

Figure 3 shows the XRD patterns of nanotube structure of TiO2 on Ti prepared in the EG medium
and for different anodic oxidation times (1, 3 and 6 h), and then calcined at 500 ◦C. XRD of the
Ti/TiO2-NTHF-6h-500 electrode, prepared in the HF solution, was added for comparison purposes.
TiO2 in all photoanodes is mainly in anatase with trace amount of rutile phase. The XRD peak
intensities of anatase phase significantly increased by increasing anodic oxidation time used for
photoanode preparation. Since all these photoanodes were calcined at the same temperature (500 ◦C),
the crystallization degree of anatase phase of the electrodes is similar. Moreover, the increase in peak
intensity of anatase phase (peak area values in Table 1) could be related to the amount of TiO2 on
the Ti surface, and thus to the length of the nanotubes. On the contrary, by increase the nanotube
lengths, the XRD peaks of metallic Ti decrease. The XRD peak intensity of the electrode prepared
by anodic oxidation method in the HF solution (Ti/TiO2NTHF-6h-500) is very low compared to the
others prepared in EG, indicating that the length of the TiO2 nanotubes of Ti/TiO2NTHF-6h-500 is
also shorter.

Table 1 reports the crystal phases of the photoanodes, the peak areas (101) of anatase and rutile
phases, and the primary particle sizes determined from the Scherrer equation. The primary particle
sizes of the anatase phase of all the electrodes are close to each other (ca. 35 nm). This value is
approximately the same as the wall thickness of TiO2 nanotubes (see Table 2). Since the rutile peak
areas are very low, their results are not reliable enough (range from 23 to 43 nm). The primary particle
size of metallic Pt of Ti/TiO2NTEG-3h-500-Pt-25cycles electrode is 28 nm.
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Table 1. Crystal phase, peak areas (101) of anatase and rutile phases, and primary particle sizes of the
prepared anodes.

Electrode Crystal Phase
Peak Area of
Anatase (101)

Primary Particle
Size (nm) of Anatase

Primary Particle
Size (nm) of Rutile

Primary Particle
Size (nm) of Pt

Ti/TiO2NTEG-3h-450 A 423 37
Ti/TiO2NTEG-3h-500-

Pt-25cycles A + R 450 33 28

Ti/TiO2NTEG-3h-550 A + R 477 35 43
Ti/TiO2NTEG-1h-500 A + R 194 35 22
Ti/TiO2NTEG-6h-500 A + R 558 38 37
Ti/TiO2NTHF-6h-500 A + R 48 32 23

Figure 2. XRD patterns of the Ti/TiO2-NTEG-3h-Y photoanodes.
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Figure 3. XRD patterns of the Ti/TiO2-NTEG-Xh-500 photoanodes.

According to SEM image (Figure S9) of Ti/TiO2-500, TiO2 on the surface of the Ti plate is in the
form of a slightly rough film [18].

SEM image of Ti/TiO2NTHF-1h-500 is shown in Figure S10. The nanotubes prepared by this
method showed an independent formation with each other [18]. In other words, there are spaces
between the nanotubes and each nanotube does not have a common wall. The values of tube length,
wall thickness and tube diameter of nanotubes are reported in Table 2. The nanotubes are distributed
homogeneously on the surface, the thickness of the nanotube wall is ca. 14 nm and the diameter of the
tube hole is ca. 90 nm.
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Table 2. Average wall thickness and internal diameters of nanotubes on the anodes evaluated by
SEM imagines.

Electrode
Wall Thickness

(nm)
Internal Diameter

(nm)
Tube Length (μm)

Pt Nanoparticle
Diameter (nm)

Ti/TiO2NTEG-1h-500 35 43 1.7
Ti/TiO2NTEG-2h-500 30 47
Ti/TiO2NTEG-3h-500 35 60
Ti/TiO2NTEG-4h-500 35 47 9.8
Ti/TiO2NTEG-6h-500 20 80 11
Ti/TiO2NTHF-6h-500 14 90
Ti/TiO2NTHF-6h-650 30 75 1.0

Ti/TiO2NTEG-3h-500-Pt-4cycles 35 60 80
Ti/TiO2NTEG-3h-500-Pt-25cycles 40 60 150

SEM images of Ti/TiO2NTHF-6h-650 are shown in Figure 4 (and Figure S6). It can be noticed
that the nanotubes cover only some part of the surface. This aspect is probably due to the higher
calcination temperature. Indeed, in Figure 4a, it is possible to distinguish two zones, a clearer one in
high ground which refers to TiO2 in nanotubes (Figure 4b) and a darker one that can be attributed
to a well crystallized TiO2 in layer (Figure 4c) with particle sizes of ca. 200 nm. In addition, its wall
thickness is higher and internal diameter lesser than Ti/TiO2NTHF-6h-500. Total thickness of both
values of both plates are almost the same (ca. 105 nm).

A cross-sectional SEM image of the Ti/TiO2NTHF-6h-650 (Figure 4d) allowed determining the
nanotube length (ca. 1 μm).

Figure 4. SEM images of Ti/TiO2NTHF-6h-650 photoanode: (a) top view (magnification: 10,000×),
(b) top view (magnification: 150,000×), (c) top view (magnification: 100,000×) and (d) cross-section
view (magnification: 100,000×).
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Figure 5 shows SEM images of Ti/TiO2NTEG-1h-500 electrode. Figure 5a indicates a good
distribution of the nanotubes on the surface, whereas Figure 5b shows the cross-section image of the
nanotubes. It was possible to determine the wall thickness of the nanotubes (35 nm), the diameter of
the tube hole (43 nm), and the average nanotube length (1.7 μm).

Figure 5. SEM images of Ti/TiO2NTEG-1h-500 photoanode: (a) top view (magnification: 250,000×)
and (b) cross-section view (magnification: 50,000×).

SEM images of the Ti/TiO2NTEG-2h-500 photoanode are shown in Figure 6. Figure 6a,b show
the same image with different magnifications, while Figure 5c shows the cross-section of the material.
The nanotubes are distributed quite homogeneously on the surface of the Ti sheet. It can be noticed
(Figure 6c) that the nanotube formation occurs even at the bottom of the tubes. However, the inner
diameter of the nanotubes in the bottom part is narrower than the top. This result shows that nanotubes
form from outside to inside.

Figure 6. SEM image of Ti/TiO2NTEG-2h-500 photoanode: (a) top view (magnification: 50,000×),
(b) top view (magnification: 250,000×) and (c) cross-section view (magnification: 100,000×).
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Figure 7 (and Figure S11) shows SEM images of the bottom, top and cross-section of
Ti/TiO2NTEG-4h-500 photoanode. Ti surface is completely covered with nanotubes, as shown in
Figure 7a. Figure 7a,b shows a quite homogeneous distribution of the nanotubes. Figure 7c,d and
Figure S11 are different magnified cross–sections of Ti/TiO2NTEG-4h-500 photoanode. The length of
the nanotube is about 9.8 μm, and this size extends over a wide range (Figure S11). This nanotube
length is greater than the Ti/TiO2NTEG-1h-500 photoanode. Some nanotubes zones are covered by
TiO2 sheets (see Figure 7d). The nanotube wall thickness and hole diameter of tube values are close to
the Ti/TiO2NTEG-1h-500 electrode (ca. 35 and ca. 47 nm, respectively). However, the wall thickness
is thicker at the bottom of the tube, while the hole diameter appears to be smaller (~38 and ~27 nm,
respectively, Table 2).

Figure 7. SEM images of Ti/TiO2NTEG-4h-500 photoanode: (a) bottom view (magnification:
100,000×); (b) top view (magnification: 200,000×); (c) cross–section view (magnification: 20,000×);
and (d) cross–section view (magnification: 100,000×).

Figure 8 shows some SEM images of Ti/TiO2NTEG-6h-500 photoanode from bottom (Figure 8a
and Figure S12b), cross–section (Figure 7b and Figure S12a) and top view (Figure 8c,d). From
observation of Figure 8b, it is possible to determine that the nanotube length of this electrode is
the longest one (ca. 11 μm). The data in Table 2 show that there is a linear relationship between the
anodic oxidation time for the preparation and the nanotube length. Similar relationship was also
observed from the peak intensities in XRD analyses. Generally, nanotubes are uniformly distributed
on the layer surface (Figure 8c), but there are also some regions covered by TiO2 sheets (Figure 8d).
This behavior was found for long anodic oxidation times. The wall thickness of the nanotubes for this
sample is thinner than the others (ca. 20 nm) and the inner hole diameter is larger (~80 nm, Table 2).
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Figure 8. SEM images of Ti/TiO2NTEG-6h-500 photoanode: (a) bottom view (magnification: 120,000×);
(b) cross–section view (magnification: 20,000×); (c) top view (magnification: 500,000×); and (d) top
view (magnification: 100,000×).

The SEM images of both Ti/TiO2NTEG-3h-500 and the corresponding Pt loaded anodes are
presented in Figure 9. It is possible to notice the platinum nanoparticle on the external surface of the
nanotubes. EDX analysis evidenced that the white nanoparticles belong to Pt. Both TiO2 nanotubes
and Pt nanoparticles located outside of the pores are quite homogeneously distributed. The nanotube
wall thickness and inner hole diameter of these electrodes are 35 and 60 nm, respectively (Table 2).
The average diameter of the Pt nanoparticles is about 80 nm.

Figure 9. Cont.
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Figure 9. SEM images of photoanodes: Ti/TiO2NTEG-3h-500 (a,b); and Ti/TiO2NTEG-3h-500-Pt-
4cycles (c,d). Magnifications: 50,000× (a,c); and 200,000× (b,d).

Figure 10 shows SEM images of Ti/TiO2NTEG-3h-500-Pt-25cycles photoanode. Although the TiO2

nanotube morphology for this electrode is almost the same of that of Ti/TiO2NTEG-3h-500-Pt-4cycles,
Pt nanoparticles are quite different in dimensions (ca. twice). In addition, Pt nanoparticle sizes are
quite different from each other and they have a heterogeneous distribution in this electrode. This
feature indicates that, by increasing the number of cycles, the initially formed small nanoparticles act
as crystallization nuclei which grow without the creation of new particles.

The Pt nanoparticle diameter on the surface of Ti/TiO2NTEG-3h-500-Pt-25cycles electrode is
about 150 nm (Table 2). It is clear from SEM image that Pt nanoparticles are in cubic form. In our
previous study, TiO2 nanotube surfaces were loaded with Pt by photoreduction method and much
smaller and heterogeneously distributed Pt nanoparticles were obtained [18].

Figure 10. SEM images of Ti/TiO2NTEG-3h-500-Pt-25cycles photoanode at magnification: 200,000×
(a); and 500,000× (b).

Figure 11 shows the photocurrent values of electrodes, prepared by different methods, in the
same medium in which PEC paraquat degradation reactions were performed. The lowest photocurrent
value is attributed to the Ti/TiO2-500 photoanode obtained by the thermal oxidation method with the
least effective surface area. The photocurrent values of the electrode prepared in HF medium is a little
higher than that of Ti/TiO2-500 because of its higher effective surface area. Therefore, the electrode
with very long nanotube (Ti/TiO2NTEG-3h-500) showed the highest photocurrent values, as expected.
However, Pt nanoparticles loaded to the Ti/TiO2NTEG-3h-500 surface reduced the absorbed amount
of light on TiO2 surface, resulting in a decrease in the photocurrent value.
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Figure 11. The photocurrent values of electrodes, prepared by different methods, in the same medium
in which PEC paraquat degradation reactions were performed.

Figure 12 shows the photocurrent values of Ti/TiO2NTEG-3h-500-Pt-Xcycles by the
choronoamperometric method. As the amount of loaded Pt amount on the nanotube surface increases,
the photocurrent values decrease gradually. This could be due to the absorbed photon amount on TiO2

surface which decreases by increasing Pt amount.

Figure 12. The photocurrent values of Ti/TiO2NTEG-3h-500 and Ti/TiO2NTEG-3h-500-Pt-Xcycles
electrodes in the same medium in which PEC paraquat degradation reactions were performed.

3.2. Photoelectrocatalytic Activity Results

Preliminary experiments showed that 1.0 V was the optimum bias for the PEC degradation of
paraquat (see Figure S13), thus all PEC and EC experiments were performed at 1.0 V.

Table 3 shows the results of PEC degradation of paraquat using Ti/TiO2-500 and
Ti/TiO2NTHF-1h-Y photoanodes. Except for Ti/TiO2NTHF-1h-750, all Ti/TiO2NTHF-1h-Y
photoanodes showed higher PEC activity than Ti/TiO2-500, probably because the nanotube structured
electrodes have higher surface area. Ti/TiO2NTHF-1h-750 did not show any PEC activity, due to the
very high calcination temperature, which probably caused the loss of hydroxyl groups responsible of
oxygen adsorption [9]. Oxygen is necessary, as it is an electron acceptor for the initial step of the redox
reaction [36]. Ti/TiO2NT-1h-500 showed the highest paraquat conversion for 3 h PEC reaction time.
Indeed, its conversion is almost two-fold higher than Ti/TiO2-500 (30% vs. 17%).
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Table 3. PEC degradation results of paraquat by using Ti/TiO2-500 and Ti/TiO2NTHF-1h-Y electrodes.
[paraquat]: 37.4 μM, Applied potential vs. Ag/AgCl: 1.0 V.

Photoanode Calcination Temperature (◦C) Conversion for 3 h (%)

Ti/TiO2-500 500 17
Ti/TiO2NTHF-1h-400 400 28
Ti/TiO2NTHF-1h-500 500 30
Ti/TiO2NTHF-1h-600 600 23
Ti/TiO2NTHF-1h-650 650 26
Ti/TiO2NTHF-1h-750 750 0

Table 4 shows PEC paraquat degradation results of Ti/TiO2NTEG-Xh-500, Ti/TiO2NTHF-1h-500
and Ti/TiO2NTHF-6h-500 electrodes. Results of representative PEC experiments are shown in
Figure S14. Ti/TiO2NTEG-1h-500 exhibited almost three times higher conversion (ca. 86% versus
30%) than Ti/TiO2NTHF-1h-500 for 3h PEC reaction time. This result is due to the formation of longer
nanotube structures in the EG medium, instead of in HF, as SEM images suggest.

Nanotube pores are located in vertical position with respect to the irradiation. Therefore, the light
could reach the inside of the pores. For this reason, anodes with nanotube structured TiO2 showed
much more activity compared to non-nanotube structured one (Ti/TiO2-500). In addition, the anodes
with long nanotubes showed higher PEC activity than shorter ones. However, due to the diffraction
and reflection of photons inside of the tube, the intensity of light decreases as it travels through the
tube [37].

The effect of the anodic oxidation time on the preparation of Ti/TiO2NTEG-Xh-500 electrodes
was investigated and the best activity was achieved by Ti/TiO2NTEG-3h-500 photoanode. Figure S15
shows UV-Vis absorbance values of the samples taken from the reaction medium at fixed times during
PEC degradation of paraquat by using the Ti/TiO2NTEG-3h-500 photoanode. As it can be noticed by
the observation of the SEM results (see Table 2), the length of the TiO2 nanotubes increased considerably
by increasing the anodic oxidation time. A drawback can be the fact that, for very long nanotubes,
the light cannot irradiate the whole internal surface. Indeed, the results of Ti/TiO2NTEG-4h-500 and
Ti/TiO2NTEG-3h-500 are similar. In addition, the Ti/TiO2NTEG-6h-500 electrode showed a lower
activity, probably because parts of the nanotubes are covered by a layer of TiO2, thus causing a decrease
of the active surface area as shown in the SEM image (Figure 8d). Furthermore, since its nanotube
length is very high (11 μm), the mass transfer of paraquat at the bottom of the tube could be limited.

Table 4. The results of PEC, PC and EC paraquat degradation by using Ti/TiO2NTEG-Xh-500
photoelectrodes. [paraquat]: 37.4 μM, applied potential vs. Ag/AgCl: 1.0 V.

Photoanode Method Anodic Oxidation Time Conversion for 1 h (%) Conversion for 3 h (%)

Ti/TiO2NTEG-1h-500 PEC 1 43 86
Ti/TiO2NTEG-2h-500 PEC 2 52 93
Ti/TiO2NTEG-3h-500 PEC 3 60 98
Ti/TiO2NTEG-4h-500 PEC 4 62 95
Ti/TiO2NTEG-6h-500 PEC 6 50 90
Ti/TiO2NTEG-6h-500 PC 6 7 26
Ti/TiO2NTEG-6h-500 EC 6 0 1
Ti/TiO2NTHF-1h-500 PEC 1 8 30
Ti/TiO2NTHF-6h-500 PEC 6 9 48

The comparison between electrodes prepared in different solvents (e.g., EG or HF solution) shows
that, by using EG, a higher activity was obtained because longer nanotubes formed.

Moreover, it can be noticed that runs carried out by using only PC and EC showed very low
activities (Table 4 and Figure 13). Therefore, it is evident that photoelectrocatalysis shows a high
synergy between PC and EC methods, by reducing the recombination rate of the electron–hole pairs
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formed by UV irradiation. In other words, by decreasing the recombination rate, the possibility of the
interaction of electron–hole pairs with suitable species increases.

Figure 13. Experimental results of PC, EC and PEC degradation of paraquat by using Ti/TiO2NTEG-
6h-500 photoanode. [paraquat]: 37.4 μM, applied potential vs. Ag/AgCl: 1.0 V.

Table 5 reports the results of PEC paraquat degradation experiments carried out by using
Ti/TiO2NTEG-3h-500-Pt-Xcycles photoanodes. By increasing the number of cycles used for Pt
loading, the Pt amount increased together with the size of Pt particles, as shown in SEM images.
Ti/TiO2NTEG-3h-500-4cycles photoanode showed the best performance (75% conversion), probably
due to an optimal Pt dispersion. With bigger Pt nanoparticle size, the activity decreased probably due to
a reduction of the effective surface area of the photoanode. Non-platinized one (Ti/TiO2NTEG-3h-500)
showed 60% conversion for 1 h reaction time.

Table 5. PEC experiment results of Ti/TiO2NTEG-3h-500-Pt-Xcycles photoanodes. [paraquat]: 37.4 μM,
applied potential vs. Ag/AgCl: 1.0 V.

Photoanode Cycle Count Conversion for 1 h (%)

Ti/TiO2NTEG-3h-500 - 60
Ti/TiO2NTEG-3h-500-Pt-1cycle 1 49
Ti/TiO2NTEG-3h-500-Pt-3cycles 3 60
Ti/TiO2NTEG-3h-500-Pt-4cycles 4 75
Ti/TiO2NTEG-3h-500-Pt-5cycles 5 68
Ti/TiO2NTEG-3h-500-Pt-6cycles 6 60
Ti/TiO2NTEG-3h-500-Pt-7cycles 7 52

Ti/TiO2NTEG-3h-500-Pt-10cycles 10 46
Ti/TiO2NTHF-3h-500-Pt-25cycles 25 42

4. Conclusions

Effective nanotube structured TiO2 on Ti plate photoanodes in ethylene glycol medium
(Ti/TiO2-NTEG) was prepared, characterized and used for photoelectrocatalytic degradation of
paraquat, which is one of the most used herbicides. Thermally oxidized TiO2 on Ti plate (Ti/TiO2-500)
and nanotube structured TiO2 on Ti plates prepared in HF medium (Ti/TiO2-NTHF) were also prepared
and used for comparison. Ti/TiO2-NTEG photoanodes were also loaded by Pt nanoparticles by cyclic
voltammetry method. The effects of nanotube length and Pt amount of photoanodes on the activity
were investigated. The obtained results show that Ti/TiO2-NTEG photoanodes consists of very long
TiO2 nanotubes which raise the activity, therefore they showed much higher PEC activity than other
type of used electrodes.

According to XRD analysis, all Ti/TiO2-NTEG-Xh-Y electrodes are in anatase phase with negligible
amount of rutile whose amount increased by increasing thermal treatment temperature. SEM and XRD
results show that loaded Pt in photoanode is in the metallic form and in cubic structure. In addition,
Pt nanoparticles grow with increasing number of Pt loading cycles.
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The primary particle sizes of the anatase peak of all Ti/TiO2-NTEG electrodes are close to each
other and are about 35 nm. Interestingly, this value is approximately the same the wall thickness of the
TiO2 nanotubes of Ti/TiO2-NTEG photoanodes. We also found a linear correlation between nanotube
length and XRD peak intensity.

Photocurrent values of Ti/TiO2NTEG photoanode are higher than that of Ti/TiO2NTHF. Moreover,
by increasing loaded Pt amount on Ti/TiO2NTEG photoanode, photocurrent values decrease linearly
due to the reduced absorbed photon amount on the TiO2 surface.

Ti/TiO2-NTEG-6h-500 has the longest nanotube, however a portion of the nanotube surface is
covered by TiO2 layers. These layers had a detrimental effect on the photoelectrocatalytic activity
because they reduced the effective surface area of the material.

Ti/TiO2-NTEG-3h-500-Pt-4cycles photoanode showed highest PEC activity for paraquat
degradation. We obtained a significant synergy for PEC reaction of paraquat as the PC oxidation
reaction was slow and especially almost no EC activity was obtained. Indeed, PEC process reduced
the recombination rate of the electron–hole pairs formed by UV irradiation on the photoanode surface.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1944/11/9/
1715/s1, Figure S1: The photo of Ti/TiO2-500 photoanode, Figure S2: Experimental setup used for anodic
oxidation, Figure S3: The photos of Ti/TiO2NTHF-X-Y photoanodes, Figure S4: The photos of Ti/TiO2NTEG-X-Y
photoanodes, Figure S5: Voltammograms obtained during Pt nanoparticle loading on Ti/TiO2NTEG-3h-500
electrode by CV until 4 cycles. The first cycle is black, the second is green, the third is red and the fourth is blue,
Figure S6: SEM images of Ti/TiO2NTHF-6h-650 photoanode (magnification: 1000× (a), and 5000× (b)), Figure S7:
PEC experiment system (up) and the spectra of the used UV fluorescent lamp (below), Figure S8: XRD patterns of
Ti/TiO2NTEG500-3h-Pt-25cycles electrode, Figure S9: SEM image of Ti/TiO2-500 photoanode. Magnification:
50,000× Figure S10: SEM image of Ti/TiO2NTHF-1h-500 photoanode (magnification: 250,000×), Figure S11: SEM
images of Ti/TiO2NTEG-4h-500 photoanode. Cross section view (magnification: 10,000×), Figure S12: SEM images
of Ti/TiO2NTEG-6h-500 photoanode. Cross section view (magnification: 150,000×). Bottom view (magnification:
20,000×), Figure S13: The conversion values for PEC paraquat degradation for 1 (blue) and 3 (green) hours
of reaction time at different voltage values in the presence of Ti/TiO2NTEG-3h-500 electrode, Figure S14.

The PEC experiment results of Ti/TiO2-500 ( ), Ti/TiO2NTHF-1h-500 ( ), Ti/TiO2NTEG-1h-500 ( ),
Ti/TiO2NTEG-3h-500 ( ) and Ti/TiO2NTEG-6h-500 ( ) for paraquat degradation. Potential: 1V, Figure S15.
UV-Vis absorbance values of the samples taken from the reaction medium at fixed times during PEC degradation
of paraquat (37.4 μM) at 1 V by using the Ti/TiO2NTEG-3h-500 photoanode.
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Abstract: A simple, low-cost method was applied to prepare hybrid photocatalysts of copper
(I) oxide/titania. Five different TiO2 powders were used to perform the study of the effect of
titania matrix on the photocatalytic and antimicrobial properties of prepared nanocomposites.
The photocatalytic efficiency of such a dual heterojunction system was tested in three reaction
systems: ultraviolet-visible (UV-Vis)-induced methanol dehydrogenation and oxidation of acetic
acid, and 2-propanol oxidation under visible light irradiation. In all the reaction systems considered,
the crucial enhancement of photocatalytic activity in relation to corresponding bare titania was
observed. The reaction mechanism for a specific reaction and the influence of titania matrix
were discussed. Furthermore, antimicrobial (bactericidal and fungicidal) properties of Cu2O/TiO2

materials were analyzed. The antimicrobial activity was found under UV, visible and solar irradiation,
and even for dark conditions. The origin of antimicrobial properties with emphasis on the role of
titania matrix was also discussed.

Keywords: photocatalysis; nanocomposites; heterojunction; Z-scheme; Cu2O; TiO2;
antimicrobial properties

1. Introduction

Titanium dioxide (TiO2, titania) is widely recognized as an efficient, stable and green
photocatalytic material (long-term stability, chemical inertness, corrosion resistance and non-toxicity).
Therefore, its application potential in photocatalysis is still growing and presently focused on areas
such as environmental remediation (water treatment and air purification), renewable energy processes
(i.e., water splitting for hydrogen production, conversion of CO2 to hydrocarbons), and self-cleaning
surfaces [1–3]. However, one can distinguish two main problems in the wider application of
TiO2. Firstly, the application of titania is still limited to the regions with a high intensity of solar
radiation due to its wide bandgap (ca. 3.0 to 3.2 eV). Strategies such as titania doping [4], surface
modification [5], semiconductor coupling [6], and dye sensitization [7] can be applied to incorporate
visible light absorption to TiO2. Another important limitation decreasing photocatalytic activity is the
recombination of the photogenerated electron-hole pairs caused by impurities, defects and other factors,
which introduce bulk or surface imperfections into the titania crystal. The solution is the incorporation
of species capable of promoting charge separation (e.g., TiO2 modification with metal ions, noble metals
and heterojunction coupling with other semiconductors). Taking into consideration both described
limitations, the methods to improve photocatalytic activity of TiO2 are similar. Therefore, a proper
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method selection to rectify both limitations is important to prepare a photocatalytic material with
universal properties, active both in ultraviolet (UV) and visible light [8,9].

Copper (Cu) as a candidate for titania modification is a very promising material [10,11]. The first
reason is the advantageous price and well-known antimicrobial properties. In comparison to other
noble metals (gold, platinum and silver), recognized as very efficient co-catalysts of titania, copper,
as the consequence of its abundance in the Earth’s crust, is an inexpensive material, 100 times and
6000 times cheaper than silver and gold, respectively. Copper can exist in the following oxidation
states, i.e., Cu0, CuI and CuII, and therefore the active copper species in TiO2 photocatalytic system
can be recognized as copper oxides (Cu2O, CuO) and metallic copper. Copper oxidation states can
also change as the consequence of sample drying [12–14] and reaction conditions [11,15]. For example,
despite zero-valent copper being easily formed on the titania surface either by photodeposition [12–14]
or radiolytic reduction [16], the contact with air results in fast oxidation of the copper, and the resultant
photocatalysts possess different forms of co-existing copper species (mainly metallic core and oxide
shell). It should be pointed that although copper is easily oxidized, stable zero-valent copper has
been also reported when stabilized by titania aerogel [17]. Considering the above issues (the variety
of copper forms and their relative instability), there is a difficulty in understanding their role in
different reaction systems. Among copper oxides in relation to heterojunction with titania, Cu2O
is one of the few p-type semiconductors which are inexpensive, non-toxic and widely available.
The Cu2O/TiO2 p-n heterojunction system has promising application potential both in the oxidation
of organic pollutants including very good antipathogenic properties [15,18–32] and in photocatalytic
hydrogen production [11,29,33–39].

For example, Bessekhouad et al. proposed that under visible light irradiation, electrons from
Cu2O were injected into the conduction band (CB) of TiO2, and at the titania surface could react with
dissolved oxygen molecules inducing the formation of oxygen peroxide radicals (O2

·−) [21]. In the
case of a UV system, an increase in the content of Cu2O resulted in enhanced efficiency, but resultant
activities at high content of Cu2O were only slightly higher than that of pure TiO2 [21]. Similarly,
Huang et al. found the improvement of photocatalytic activity for a Cu2O/TiO2 system induced
by UV and visible light, i.e., 6 and 27 times higher photocatalytic activity than that for pure P25,
respectively [30,31]. Moreover, it was found that an increase in the content of Cu2O resulted in higher
photocatalytic activity (the highest activity for 70%-Cu2O content). A Cu2O/TiO2 p-n heterojunction
system was also successfully applied for photocatalytic hydrogen generation. Zhang et al. prepared
Cu2O/TiO2 composites through the deposition of copper on titania nanotube arrays [29]. Since the CB
of Cu2O is more negative than that of TiO2, the excited electrons are quickly transferred from Cu2O
nanoparticles to titania, leaving the holes on the valence band (VB) of Cu2O and leading to an effective
reduction of protons to H2.

Moreover, copper, especially copper (I) oxide, has been well known as a antimicrobial agent since
ancient times. Due to its advantages, e.g., inexpensiveness, low toxicity and abundant sources, it has
been applied to improve the photo-induced antimicrobial activity of titania. The proposed mechanisms
include: (i) the structure of surface proteins are denaturated [40]; and (ii) the adsorbed copper ions
induce oxidative stress in the bactericidal process [41], and the accumulation of copper ions inside
bacteria [42]. It was found that the optimal balance of Cu2O and CuO content in CuxO/TiO2 composite
photocatalyst was important to achieve good antibacterial performance under visible light irradiation
and dark conditions and, furthermore, Cu2O/TiO2 was reported to be more active than CuO/TiO2

and CuNPs/TiO2 [18].
To the authors’ best knowledge there is still no comprehensive research paper considering the

effect of a titania matrix in Cu2O-titania heterojunction system for photocatalytic and antimicrobial
properties. The clarification of this issue is important in order to analyze application perspectives
of such photocatalysts. In this study, to evaluate the role of titania matrix, five types of titania were
considered. Heterojunctions between Cu2O and different TiO2 were prepared as physical mixtures
of powders. Enhanced photocatalytic properties were discussed based on three reaction systems:
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methanol dehydrogenation and oxidation of acetic acid under UV/vis irradiation, and 2-propanol
oxidation under vis irradiation. The antimicrobial properties of prepared composite photocatalysts
were tested by using E. coli and C. albicans.

2. Materials and Methods

2.1. Preparation of Cu2O/TiO2 Photocatalysts

TiO2 samples, selected for the preparation procedure, were supplied by several sources: P25
(AEROXIDE® TiO2 P25, Nippon Aerosil, Yokkaichi, Japan), ST-01 (ST-01, Ishihara Sangyo, Yokkaichi,
Japan) ST-41 (ST-41, Ishihara Sangyo, Yokkaichi, Japan), TIO-6 (TIO-6, Catalysis Society of Japan,
Tokyo, Japan), RUT (rutile nanopowder, Sigma-Aldrich, Saint Louis, MO, USA). Cu2O was supplied by
Wako Pure Chemicals, Tokyo, Japan. All materials were used as received, without further processing.
Cu2O/TiO2 composites were prepared by physical mixing of Cu2O and TiO2 powders in an agate
mortar. Titania samples were mixed with different contents of Cu2O resulting in preparation of the
composites containing 1, 5, 10 and 50 wt % of Cu2O. The time of grinding (5 min) was the same for all
samples to ensure appropriate homogeneity of prepared composite powders.

2.2. Characterization

The ultraviolet-visible (UV-Vis) diffuse reflectance spectra (DRS, JASCO, Tokyo, Japan) were
recorded on JASCO V-670 equipped with PIN-757 integrating sphere using BaSO4 as a reference.
Gas-adsorption measurements of prepared titania samples were performed on a Yuasa Ionics Autosorb
6AG surface area and pore size analyzer, Osaka, Japan. Specific surface area (SSA) was calculated
from nitrogen adsorption at 77 K using the Brunauer–Emmett–Teller equation. X-ray diffraction (XRD)
patterns were collected using an X-ray diffractometer (Rigaku intelligent XRD SmartLab with a Cu
target, Tokyo, Japan).

2.3. Photocatalytic Activity Tests

The photocatalytic activity of prepared photocatalysts was tested in three reaction systems:
(1) decomposition of acetic acid under UV/vis irradiation, (2) dehydrogenation of methanol under
UV/vis irradiation, and (3) oxidation of 2-propanol under vis irradiation (λ > 420 nm: Xe lamp, water IR
filter, cold mirror and cut-off filter Y45). For activity testing, 50 mg of photocatalyst was suspended in 5
mL of aqueous solution of (1) methanol (50 vol %), (2) acetic acid (5 vol %), and (3) 2-propanol (5 vol %).
The methanol dehydrogenation system was also tested in the presence of platinum (samples: Pt/TiO2,
Pt/Cu2O/TiO2): hydrogen hexachloroplatinate(IV) (H2PtCl6·6H2O) was added for adjustment to 2 wt
% loading on photocatalyst powders. The suspension for reaction (2) was bubbled with argon before
irradiation. The 35-mL testing tubes were sealed with rubber septa, continuously stirred and irradiated
in a thermostated water bath. Amounts of liberated (1) carbon dioxide in gas phase, (2) hydrogen in
gas phase, and (3) acetone in liquid phase (after powder separation) were determined by GC-TCD (1-2)
(Shimadzu GC-8A equipped with a thermal conductivity detector, Shimadzu Corp., Kyoto, Japan) and
GC-FID (3) (Shimadzu GC-14B equipped with a flame ionization detector, Shimadzu Corp., Kyoto,
Japan).

2.4. Antimicrobial Activity Tests with Xenon Lamp Irradiation

Cu2O/TiO2 samples, bare titania and cuprous oxide (ca. 7.1 g/L) were dispersed in Escherichia
coli K12 (ATCC29425) or Candida albicans (isolated from patients (throat smear) with immunodeficiency
disorders that cause candidiasis (collection from West Pomeranian University of Technology, Szczecin,
Poland)) suspension at concentrations of ca. 1–5 × 108 cells/mL (E. coli K12) or 1–5 × 104 cells/mL
(C. albicans) in a test tube with stirring bar, and then irradiated with xenon lamp (with cold mirror
(CM2) and UV-D36B filter; 300 < λ < 420 nm or CM1 and Y-45 filter; λ > 420 nm) or kept in the dark. As
a control, bacterial or fungal suspension without titania was also tested. Serial dilutions (10−1–10−6) of
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microbial suspension were prepared and aliquots of suspensions were inoculated on Plate Count Agar
(Becton Dickinson Company, Franklin Lakes, NJ, USA for E. coli K12) or Malt Extract Agar (Merck
Millipore Corporation, Burlington, MA, USA for C. albicans) media at 0, 0.5, 1, 2 and 3 h. Media were
incubated at 37 ◦C overnight, colonies were counted, and the colony-forming unit was determined.

2.5. Antibacterial Activity Test with Solar Irradiation

Cu2O/TiO2 (ST-01) or bare titania (ST-01) (0.5 g/L), was dispersed in E. coli K12 (ATCC29425)
suspension at a concentration of ca. 1 × 108 cells/mL in a glass container with stirring bar,
and circulated through glass tubes and irradiated under solar radiation (Sapporo, sunny day, June
2018) or kept in the dark. As a control, bacterial suspension without titania was also tested. The later
experimental procedure was the same as that described above.

3. Results and Discussion

3.1. Characterization of Cu2O/TiO2 Samples

Five commercially available TiO2 were selected to perform the study. Table 1 shows the main
properties of the samples, which represent diversified types of titania matrix, e.g., different morphology,
phase content, crystallite size and specific surface area. Figure 1a shows diffuse reflectance spectra
of prepared Cu2O/TiO2 with 5 wt %-content of cuprous oxide. The strong absorption at UV range
is due to bandgap excitation of titania, and a narrower bandgap of rutile than that of anatase clearly
correlates with the absorption edge at longer wavelengths. The absorption peak between 500–600 nm is
characteristic of the presence of Cu2O. Although the content of Cu2O in each sample was approximately
the same, one can observe significant differences in the shape of Cu2O-absorption region between
samples containing a different titania matrix. It is possible to observe the dependency between the size
of TiO2 particles and the height of Cu2O-originated absorption peak. The Cu2O/TiO2 samples with
small-particulate titania (ST-01 and TIO-6) are characterized by the strongest 500–600 nm absorption
peak of Cu2O. The crystallite size of Cu2O determined by XRD analysis was 65 nm and BET surface area:
23 m2·g−1. The prevalence of anatase or rutile in a titania matrix did not influence the Cu2O-originated
absorption peak. Another confirmation for the phase presence (anatase, rutile, Cu2O) in the prepared
samples are the XRD results, shown in Figure 2. Cuprous oxide was confirmed in all samples (black
patterns after subtraction of titania patterns). Moreover, titania peaks did not change after grinding,
which proves that physical mixing was delicate without changing crystal properties (It is known that
strong grinding/milling could destroyed titania crystals.). Figure 3 shows scanning transmission
electron microscopy (STEM) images with energy dispersive spectroscopy (EDS) mapping, which
indicate that Cu2O particles are uniformly distributed on the surface of titania.

Table 1. TiO2 samples selected for the study.

Sample Name
Anatase *

(%)
Rutile *

(%)

Crystallite Size/nm Specific Surface
Area/m2·g−1

Anatase Rutile

P25 83.8 16.2 21 37 59
ST-01 100 - 8 - 298
ST-41 98.3 1.7 70 124 11
TIO-6 - 100 - 16 105
RUT 1.7 98.3 55 82 4

* Crystalline composition without consideration of amorphous phase.
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Figure 1. Diffuse reflectance spectra of Cu2O (5 wt %)/TiO2 samples (a) with respective photographs (b).

Figure 2. X-ray diffraction (XRD) diffractograms of Cu2O-modified titania samples: (a) Cu2O/P25,
(b) Cu2O/ST-01, (c) Cu2O/ST-41, (d) Cu2O/TIO-6, (e) Cu2O/RUT.
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Figure 3. Scanning transmission electron microscopy (STEM) images with energy dispersive
spectroscopy (EDS) mapping of Cu2O/P25 sample. Mapping colors: Ti-violet; Cu-green.

3.2. Photocatalytic Activity

3.2.1. Ultraviolet-Visible (UV-Vis)-Induced Methanol Dehydrogenation

During the reaction of methanol dehydrogenation (H2 system) under deaerated conditions in the
presence of titania and copper oxides the following reactions may be considered:

TiO2 + hν (λ > 290 nm) → e− + h+, (generation of electrons and holes) (1a)

Cu2O + hν (λ > 290 nm) → e− + h+, (1b)

CH3OH + h+ → HCHO + H+, (2)

Cu+ + e− → Cu, (3)

H+ + e− → 0.5 H2, (4)

At the beginning of irradiation, copper oxide is reduced by photoexcited electrons, resulting in
the formation of copper deposits on the surface of the photocatalyst (3). In this system, methanol plays
the role of a hole scavenger (2), as presented in Figure 4.

As a primary issue, the best copper content (wt %) for Cu2O/TiO2 system corresponding to
highest photocatalytic activity was determined for further studies. The following copper contents
were considered: 1%, 5%, 10% and 50%. For all titania-cuprous oxide heterojunctions, the highest
photocatalytic activity was observed for 5 wt % of Cu2O (Figure 4). By increasing the Cu2O content,
the hydrogen evolution rate decreased because of the increase of charge recombination effect [11]
or inner filter effect (competition for photons between two semiconductors). The high content of
Cu2O (50 wt %) caused a significant decrease of photocatalytic activity, probably due to the increase in
the opacity and light scattering (shielding effect) influencing photon absorption (irradiation passing
through the photocatalyst suspension) [43]. Indeed, characterization of Cu2O/P25 samples with
different content of Cu2O clearly showed a significant increase in light absorption with an increase
in cuprous oxide content at vis range (Figure 5a). Additional XRD analysis confirmed the presence
of both titania and cuprous oxide in all hybrid samples (Figure 5b), and the estimated content of
cuprous oxide in hybrid materials was almost the same as that used for the preparation of samples
(inset in Figure 5b).
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Figure 4. Ultraviolet-visible (UV-Vis) photocatalytic activity of samples: (a) Cu2O/P25, (b) Cu2O/ST-01,
(c) Cu2O/ST-41, (d) Cu2O/TIO-6, (e) Cu2O/RUT, prepared with corresponding Cu2O content in
methanol dehydrogenation.
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Figure 5. (a) Diffuse reflectance spectra and (b) XRD diffractograms of Cu2O/P25 samples with
different Cu2O content; Inset: Correlation between use and estimated (XRD) content of Cu2O in
the samples.

Figure 6 shows the photocatalytic activity in hydrogen system for Cu2O/TiO2 with different titania
matrix. These activities were compared with corresponding samples: Pt/TiO2 and Pt/Cu2O/TiO2.
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Obviously, the highest photocatalytic activities were obtained for Pt/TiO2, due to higher work function
(6.35 eV vs. 4.7 eV) and smaller overvoltage for hydrogen evolution for platinum than that for
copper. Although, the activity of Cu2O/TiO2 was 2–3 times lower than that for Pt/TiO2, it should
be remembered that copper is much cheaper than platinum. Moreover, bare titania is practically
inactive in this system (Figure 6), and thus evolution of hydrogen on this cheap photocatalyst is
quite promising. Additionally, it should be pointed out that another possible mechanism, i.e., type II
heterojunction (transfer of photo-generated electrons from CB of Cu2O to CB of TiO2 with opposite
transfer of photo-generated holes) could be rejected due to the inactivity of bare titania (Figure 6).
In contrast to the conclusions of Dozzi et al. [44], the synergistic effect of Pt-Cu was not observed
in this reaction system. This is not surprising since Pt-modified titania is one of the most active
photocatalysts for hydrogen evolution, and thus formation of other charge carriers’ transfers (not
only from CB of titania to Pt), e.g., to VB of Cu2O, should result in hindering of the overall activity.
Photocatalytic activities of Pt/Cu2O/TiO2 were slightly higher than that of Cu2O/TiO2 excluding
samples based on rutile (TIO-6 and RUT). The higher activity for co-modified anatase samples than
that for Cu2O/TiO2 could originate from an increase in the content of active sites for hydrogen
evolution (both on copper and platinum deposits), whereas the reason for the lowest activity for
co-modified rutile samples is unclear. It is possible that more negative CB of rutile than that of anatase
(as recently reported [45,46]) could result in two types of co-existing mechanisms (Z-scheme and type II
heterojunction), i.e., (1) for Pt-modified titania, photoexcited electrons from CB of Cu2O migrates to CB
of titania (type II heterojunction) and then to Pt deposits (together with directly excited electrons from
VB of titania); (2) for Cu2O/TiO2 system, Z-scheme mechanism should be preferential (due to inactivity
of bare titania); (3) for Pt-modified Cu2O/TiO2, similar levels of CBs position for rutile and cuprous
oxide could result in the circulation of photogenerated electrons between both semiconductors, instead
of their transfer to noble metals’ deposits, i.e., VB(Cu2O) → CB(Cu2O) → CB(rutile) → VB(Cu2O).
It should be reminded that Pt was deposited in situ, and thus it is highly possible that it could be
randomly deposited either on cuprous oxide or on titania. The formation of bimetallic deposits Cu-Pt
with metal segregation is also possible, as already reported for titania photocatalysts modified with
Au-Cu [47], and Ag-Cu [13,16]. To clarify the mechanism, detailed studies on sample characterization,
and reference experiments for pre-modified titania with platinum are presently under study.

UV/Vis photocatalytic activity of Cu2O/TiO2 hybrid photocatalysts in this reaction system is
enhanced by the combination of the synergistic effect of formed metallic copper and Cu2O caused
by the effect of Schottky barrier created between zero-valent copper and cuprous oxide (hindering
charge carriers’ recombination in cuprous oxide—its main shortcoming) [33,48] with a Z-scheme system
(see Figure 7) as a type of mechanism of photogenerated carriers migration to form an efficient two-step
charge separation system. Moreover, it should be pointed out that the proposed Cu-Cu2O-TiO2

nanostructure limits the problem of Cu2O instability, i.e., self-oxidation by photo-generated holes
(recombine with CB electrons from titania) and self-reduction by photo-generated electrons (which
migrate to zero-valent copper).

Figure 6. Comparison of UV/Vis photocatalytic efficiency of Cu2O/TiO2, Pt/Cu2O/TiO2 and Pt/TiO2

samples in methanol dehydrogenation. TiO2: P25, ST-01, ST-41, TIO-6, RUT.
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Figure 7. Two-step charge separation system (Z-scheme) with Cu-Cu2O Schottky barrier as the mechanism
for UV/Vis-induced methanol dehydrogenation with Cu (formed in-situ)/Cu2O/TiO2 photocatalysts.

3.2.2. UV/Vis-Induced Acetic Acid Oxidation

As in the previous reaction system, photocatalytic activity in the UV/Vis-induced acetic acid
oxidation increased with an increase in Cu2O content until 5 wt % (Figure 8). The exception was only
for the TIO-6 sample, where the maximum of activity was found for 1 wt % of Cu2O. A further increase
of Cu2O content was detrimental for the photocatalytic activity. Pure Cu2O was almost inactive in
this reaction because of a high recombination rate [49]. Therefore, either its high content in this hybrid
photocatalyst or dark color (inner filter and shielding effects as discussed in Section 3.2.1) caused low
photocatalytic efficiency under UV/vis irradiation. It should be pointed out that fine titania (ST-01)
and mixed-phase titania (P25) are well known as highly active samples for this reaction (it is difficult
to find more active titania photocatalysts, and probably only decahedral anatase particles (faceted
anatase with two kinds of facets: eight {001} facets and two {001} facets) exhibited slightly higher
activity than that of P25 [50]); and thus an increase in their activities by ca. 4–5 times by modification
with small content of Cu2O (Figure 9) is highly promising for other oxidation reactions and even the
complete mineralization of organic pollutants.

For Cu2O/TiO2 samples with anatase as a dominant titania phase, the significant improvement of
photocatalytic activity was achieved (Figure 9). The reaction efficiency was ca. 4–5 higher than that for
corresponding bare TiO2 regardless of particle size of titania, and catalytic activity (in the absence of
irradiation) of Cu2O/TiO2 samples was negligible. It is important to mention that the preparation of
these samples by physical mixing is not detrimental for overall photocatalytic performance of obtained
heterojunction systems, which is really high. Significantly smaller improvement was observed only for
rutile-based hybrid photocatalysts, in particular, for TIO-6. Figure 10 shows the results of the long
photoactivity experiment for a Cu2O/P25 sample considering the reusability of the photocatalyst
and the comparison to the activity of bare P25. After 6 h of irradiation, an almost linear course
of CO2 liberation was still observed suggesting good photostability in this reaction system during
continuous irradiation (the close reaction system with possible equilibrium between different forms
of copper). However, the loss of photocatalytic activity of the recycled sample (losing the linear
course) was observed for 2 h of irradiation. Fortunately, continued irradiation (2–6 h) resulted in
stable photocatalytic activity. It was confirmed (by XRD analysis) that the content of the Cu2O in
recycled sample decreased, with simultaneous appearance of CuO and Cu (0) in comparison to fresh
Cu2O/P25 sample. Therefore, to extend the reusability of prepared samples, additional operations to
strengthen the connection between these two components, e.g., annealing, or preparation of advanced
nanostructures should be considered. For example, a core (Cu2O)/shell (titania) nanostructure will
be investigated in our future study, similarly to the reported Cu2O/Au nanostructure with gold
nanoparticles (NPs) deposited on Cu2O nanowires [51].
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Figure 8. UV/Vis photocatalytic activity of samples: (a) Cu2O/P25, (b) Cu2O/ST-01, (c) Cu2O/ST-41,
(d) Cu2O/TIO-6, (e) Cu2O/RUT, prepared with corresponding Cu2O content in acetic acid oxidation.

Figure 9. UV/Vis photocatalytic efficiency of Cu2O/TiO2 samples with different titania matrix and
corresponding bare TiO2 in acetic acid oxidation.

69



Materials 2018, 11, 2069

Figure 10. UV/Vis photocatalytic activity of Cu2O/P25—the photostability study considering the
reusability of Cu2O/P25.

Two types of mechanism could be considered, similarly to H2 system, i.e., Z-scheme and p-n
heterojunction (type II), as shown in Figure 11. Under UV light irradiation, both Cu2O and TiO2 could
be excited, and either photo-generated electrons in TiO2 could recombine with photo-generated holes
in the VB of Cu2O or electrons in Cu2O, and holes in TiO2 could migrate to the CB of TiO2 and VB
of Cu2O, respectively. The first mechanism seems to be preferential resulting in the generation of
charges with stronger redox potential (more negative electrons and more positive holes). It is thought
that photocatalytic activity for the oxidation reactions depends directly on the oxidation potential
of holes, as recently reported for an oxygen activation study by M. Buchalska et al. [45]. The same
study by M. Buchalska et al. proved that anatase was a stronger oxidant than rutile, due to the more
positive position of the VB. Therefore, lower activities of rutile samples could be easily explained by
less positive potential of the VB than that in anatase titania. Consequently, more negative potential
of the CB in the rutile case may result in higher probability of type II heterojunction than Z-scheme,
and thus not so high improvement of photocatalytic activity. Although, heterojunction II results in
lower redox potential than the Z-scheme, the transfer process described above is thermodynamic
favorable, and may result in the prolongation of the lifetime of excited electrons and holes, inducing
higher quantum efficiency. Acetic acid is decomposed either by oxidative species such as O2

·− and
OH·, formed by the reaction of generated electrons with dissolved oxygen and by the reaction of
generated holes from VB of TiO2 with water, or directly by positive holes. It must be remembered
that the lack of holes’ consumption can be the reason for Cu2O photocorrosion [52], and thus the
proposed Z-scheme for anatase samples should be responsible for both high activity (strong redox
ability) and stability.

Figure 11. Proposed mechanisms of UV/Vis-induced acetic acid oxidation with Cu2O/TiO2

photocatalysts: Z-scheme for anatase samples (a) and p-n heterojunction (type II) for rutile sample (b).
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3.2.3. Visible Light Photocatalytic Activity

Cu2O as a 2.2 eV-band gap energy-semiconductor absorbs visible light. Therefore, one can expect
that a hybrid system of Cu2O with titania should be more active in the visible light than Cu2O and
titania alone. The results of photocatalytic activity for vis-induced 2-propanol oxidation (Figures 12
and 13) confirmed this expectation. Figure 14 shows the scheme of heterojunction system (Cu2O/TiO2)
with visible light-activation of Cu2O. The visible light-induced electron transfer between CB of Cu2O
and CB of titania should play the key role in the photocatalytic efficiency of this system. Similarly,
as in the case of previous reaction systems 5 wt %-Cu2O content resulted in the highest activity of
Cu2O/TiO2 photocatalysts, independently of the titania matrix (Figure 12a–d), but with the exception
of Cu2O/RUT, where vis photocatalytic activity of bare RUT was higher than that in hybrid system
(Figure 12e). The highest improvement of photocatalytic activity in relation to bare titania (ca. 6 times)
was found for rutile sample: Cu2O/TIO-6 (Figure 12d).

The crucial question is why the vis-induced photocatalytic properties of samples Cu2O/TIO-6
and Cu2O/RUT are so different. Densities of lattice defects (DEF; also known as electron traps (ETs))
equivalent to the concentration of Ti3+ were estimated for different types of titania in the earlier
study [53]. The values of DEF were 50, 84, 38, 242 and 18 μmol·g−1 for P25, ST-01, ST-41, TIO-6
and RUT, respectively. The higher DEF of titania matrix favors the higher vis light-photocatalytic
activity in the considered reaction system (Cu2O/TIO-6), but the lowest DEF of RUT corresponds to
no reaction rate improvement. The presence of Ti3+ ions can be important for the efficiency of the
visible light-induced reaction on Cu2O/TiO2. Photogenerated electrons from Cu2O can be captured by
Ti4+ ions and thus, being reduced to Ti3+. Ti3+ ions (with prolonged lifetime), participate in electron
trapping resulting in retarded charge recombination. These observations are with agreement with the
concept of Xiong et al. on the role of Ti3+ ions in Cu2O/TiO2 heterojunction system [23]. Moreover,
the significant difference in enhancement factor between anatase and rutile hybrid samples of similar
vis activity before modification (ST-01 and TIO-6, due to high content of DEF) could indicate that
localization of CB of titania in respect to that of cuprous oxide is crucial. Therefore, higher proximity
between cuprous oxide and rutile than that between cuprous oxide and anatase could facilitate
an electron migration. Moreover, as M. Buchalska et al. suggested [45] the lower redox potential of the
excited electron of rutile than that of anatase resulted in more efficient O2

·− generation, and thus higher
activity in reactions involving photo-excited electrons as the main mechanism pathway. Similarly,
a higher activity of rutile than anatase was found for plasmonic photocatalysis by gold-modified
titania, in which “hot” electron transfer from plasmonic gold NPs to CB of titania was proposed [54].
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Figure 12. Visible light-photocatalytic activity of samples: (a) Cu2O/P25, (b) Cu2O/ST-01,
(c) Cu2O/ST-41, (d) Cu2O/TIO-6, (e) Cu2O/RUT, prepared with corresponding Cu2O content in
2-propanol oxidation.

Figure 13. Visible light-photocatalytic efficiency of Cu2O/TiO2 samples with different titania matrix
and corresponding bare TiO2 in 2-propanol oxidation.
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Figure 14. Schematic mechanism of heterojunction (type II) for vis-induced 2-propanol oxidation with
Cu2O/TiO2 photocatalysts for anatase (a) and rutile (b).

3.3. Antimicrobial Properties of Cu2O/TiO2

At first, the bactericidal property of Cu2O was investigated in the dark, under UV and visible
light, and the results obtained are shown in Figure 15a. Cuprous oxide exhibited high bactericidal
activity, and irradiation with UV and visible light slightly enhanced the intrinsic activity of Cu (I).
It means that light irradiation could promote electron transfer between Cu and bacterial cells (Cu
extracts electrons from bacteria, causing proteins denaturation [40]) and generation of reactive oxygen
species (ROS) resulting in the cell’s inactivation. It should be pointed out that the contact between
Cu (I) and bacteria is essential for bacterial inactivation, in addition, surface Cu-ions are crucial for
bactericidal property [55].

Bare titania exhibited bactericidal property under UV light irradiation, due to the generation
of ROS, such as •OH, O2

−• and H2O2, in which the activity seemed to arise from the particle
size. In contrast, compared to the activity of anatase and without titania, bare rutile titania did
not show significant enhancement under UV irradiation, which is not surprising because the
photocatalytic activity of rutile is generally lower than that of anatase [54], as already discussed
for acetic acid oxidation.

Under UV light irradiation, all Cu-modified anatase samples (Cu2O/ST-01, Cu2O/P25 and
Cu2O/ST-41) showed the enhancement of bactericidal activity. Qiu et al. have already reported
that the bactericidal activity under visible light irradiation attributed to multi-electron reduction by
electrons on Cu (II) in CuxO clusters which was transferred from the VB of titania by inter-facial charge
transfer (IFCT), in contrast, Cu (I) in CuxO clusters showed anti-pathogen effect in the dark [55]. In
this regard, it is proposed that similar mechanism could be responsible for enhanced UV-activity
of Cu2O/TiO2 photocatalysts, i.e., IFCT from titania to Cu, as well as hindering of charge carriers’
recombination (as discussed above). Interestingly, the dark activity of Cu2O/ST-41 was higher than
the visible one. It is probable that the contact between Cu (I) and bacteria could be affected, i.e., large
titania ST-41 (crystal size = ca. 70 nm) could not cover Cu particles; on the other hand, small titania
particles of ST-01 and P25 (ca. 8 and 21 nm, respectively) could cover NPs of cuprous oxide inhibiting
the direct contact with bacteria and/or release of Cu ions from the surface of Cu (I). In the contrary,
Cu (I)-modified rutile titania did not show the highest activity under UV irradiation, furthermore,
the tendency of activity was different between two rutile samples (Cu2O/TIO-6 and Cu2O/RUT).
In the case of Cu2O/TIO-6, it is probable that direct bactericidal activity of Cu (I) in the dark might
exceed the generation of ROS which was attributed to the activity of the multi-electron reduction on
Cu by IFCT under UV and visible light irradiation, and vice versa in the case of Cu2O/RUT.
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Figure 15. E. coli K12 survival shown as CFU/mL during inactivation of bacterial cells; (a–f) in the dark
(grey symbols), under UV irradiation (300 < λ < 420 nm; violet symbols) and under vis irradiation (λ >
420 nm; green symbols) on bare (diamond, dashed line) and modified titania (circle, solid line), (g) E.
coli K12 survival without titania in the dark, under UV and visible. Error bars (Cu (I) oxide) indicate
the standard deviations calculated from two or three independent measurements.

The most active photocatalyst, i.e., Cu2O/ST-01 was additionally tested under natural solar
radiation, and data obtained are shown in Figure 14. Interestingly, no bactericidal activity was
observed both in the absence of photocatalyst and for bare titania (ST-01), despite the fact that titania
ST-01 showed some activity under UV irradiation (Figure 15b,g), possibly because the light intensity of
solar radiation was quite low compared to an artificial source of light (xenon lamp), used in laboratory
experiments (Figure 16). On the other hand, Cu2O/ST-01 showed high activity under solar light and
better than that in the dark (ca. one order of magnitude). It is thought that additionally to dark activity
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of Cu (I), and similarly to acetic acid oxidation, enhanced generation of reactive oxygen species could
result in activity improvement (Z-scheme shown in Figure 11a).

Figure 16. Bactericidal activities of Cu2O/ST-01 (circle, solid line), bare titania ST-01 (square, dashed
line) and reference experiments without any photocatalyst (triangle, dashed line) under solar light
irradiation (orange) and in the dark (gray).

Concluding, it is clear that the bactericidal property of Cu2O/TiO2 originates mainly from the
presence of cuprous ions, and photocatalytic activity only slightly enhanced the effect. Therefore, it is
suggested that positively charged Cu (I) could both attract a negatively charged bacterial membrane
(due to the presence of lipopolysaccharide) and inactivate cells by intrinsic activity of Cu (I).

In order to investigate deeper the antimicrobial effects of cuprous oxide/titania system,
the fungicidal activities (C. albicans) were additionally studied, and data obtained are shown in
Figure 17. It was found that copper (I) oxide remarkably suppressed fungal survival only under
irradiation with UV light. The initial fungicidal rate was quite slow, and then accelerated after 1 h of
irradiation. It is important to take into account the structure of fungal cells (yeast) and the surface
charge of the cell wall. Although the electrostatic potential of C. albicans cells’ surface is negative [56],
their cell walls are rigid, they have a nuclear membrane and the size of cell is larger than that of
bacteria. Therefore, despite Cu (I) oxide being easily in contact with cells, it could take a longer time to
kill fungal cells than bacterial cells. It could be considered that the fungicidal mechanisms are similar
to bacterial ones, and in addition, as reported by K. Danmek et al., Cu inhibits the activity of cellulase
(in Aspergillus melleus), which could induce the inhibition of glycan decomposition and eventually the
lack of nutrients [57]. The inactivation of C. albicans by cuprous oxide/titania was greatly promoted by
UV light irradiation, and the activities in the dark were not so effective, unlike bactericidal activity in
the dark. All Cu2O-modified titania samples under UV irradiation reached detection limit within 1–2 h.
Therefore, it is proposed that, in the case of fungi, although the influence of intrinsic activity of Cu
(I) is slow, the effect of ROS on cell components might be fast, resulting in the difference of velocities
between Cu2O and Cu2O/TiO2. The activities under visible light (Cu (I) oxide and Cu2O/ST-01) were
almost the same as that in the dark suggesting that enhancement of antifungal activity was not only
caused by possible formation of superoxide anion radicals (Figure 14). Accordingly, it is proposed that
significant enhancement of activity under UV irradiation for Cu2O/TiO2 photocatalyst could result
from a Z-scheme mechanism (Figure 11a) leading to either enhanced generation of hydroxyl radicals
(by both holes from VB of titania and electrons from CB of cuprous oxide) or direct decomposition of
fungal cells by photogenerated charge carriers. It will be clarified in our further studies by comparing
ROS generated in UV, visible and dark conditions. Summarizing, it was found that fungicidal activities
of cuprous oxide in the dark were promoted by modifying with titania, indicating that the activity was
not derived from the sole activity of Cu2O but also by heterojunction of Cu2O and TiO2.
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Figure 17. C. albicans survival shown as CFU/mL during inactivation of fungal cells; (a–f) in the dark
(grey symbols), under UV irradiation (300 < λ < 420 nm; violet symbols) and under vis irradiation
(λ > 420 nm; green symbols) on bare (diamond, dashed line) and modified titania (circle, solid line),
(g) E. coli K12 survival without titania in the dark, under UV and visible.

4. Conclusions

In summary, a simple and low cost-method, realized by mixing of copper (I) oxide and titania,
yields an efficient hybrid photocatalyst. By using a different titania matrix, one can adjust the both
photocatalytic and antimicrobial properties of the resultant material. Considering the methanol
dehydrogenation reaction, the enhanced efficiency of Cu2O/TiO2 photocatalysts originates from
the combination of the Cu-Cu2O Schottky barrier with a Z-scheme system. A large improvement
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of photocatalytic activity of copper (I) oxide-titania system in comparison to corresponding bare
titanium(IV) oxides was found for UV/Vis-induced acetic acid oxidation, mainly for a titania matrix
with anatase as a dominant phase. Taking into consideration oxidative reactions, Cu2O/anatase is an
example of a very efficient Z-scheme system, induced by UV/Vis irradiation, with a good perspective
of application for solar systems dedicated for wastewater treatment, confirmed by good photostability,
but the reusability of prepared photocatalysts needs further improvement. The mechanism of
photocatalytic activity of rutile-based samples could be described as the type II heterojunction system.
Furthermore, these two mechanistic variants, Z-scheme and heterojunction-type II, were also suggested
for visible light-induced oxidation of 2-propanol for anatase and rutile-based samples, respectively.
The photocatalytic efficiency in this system was correlated with the concentration of Ti3+ ions in
a titania matrix (density of lattice defects)—the highest concentration of Ti3+ for TIO-6 means the
highest vis-photocatalytic activity rate. Another important issue examined in this study was the
antimicrobial property of Cu2O/TiO2 materials. All prepared samples possessed bactericidal and
fungicidal properties, which were observed for UV, visible, solar irradiation, and even for dark
conditions. It was concluded that antimicrobial activity depends not only on intrinsic properties of
Cu2O but also heterojunction between copper (I) oxide and titania.
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Abstract: In the present study, we propose a new photocatalytic interface prepared by high-power
impulse magnetron sputtering (HiPIMS), and investigated for the degradation of Reactive Green
12 (RG12) as target contaminant under visible light light-emitting diodes (LEDs) illumination.
The CuxO/TiO2 nanoparticulate photocatalyst was sequentially sputtered on polyester (PES).
The photocatalyst formulation was optimized by investigating the effect of different parameters
such as the sputtering time of CuxO, the applied current, and the deposition mode (direct current
magnetron sputtering, DCMS or HiPIMS). The results showed that the fastest RG12 degradation was
obtained on CuxO/TiO2 sample prepared at 40 A in HiPIMS mode. The better discoloration efficiency
of 53.4% within 360 min was found in 4 mg/L of RG12 initial concentration and 0.05% Cuwt/PESwt

as determined by X-ray fluorescence. All the prepared samples contained a TiO2 under-layer with
0.02% Tiwt/PESwt. By transmission electron microscopy (TEM), both layers were seen uniformly
distributed on the PES fibers. The effect of the surface area to volume (dye volume) ratio (SA/V) on the
photocatalytic efficiency was also investigated for the discoloration of 4 mg/L RG12. The effect of the
presence of different chemicals (scavengers, oxidant or mineral pollution or salts) in the photocatalytic
medium was studied. The optimization of the amount of added hydrogen peroxide (H2O2) and
potassium persulfate (K2S2O8) was also investigated in detail. Both, H2O2 and K2S2O8 drastically
affected the discoloration efficiency up to 7 and 6 times in reaction rate constants, respectively.
Nevertheless, the presence of Cu (metallic nanoparticles) and NaCl salt inhibited the reaction rate of
RG12 discoloration by about 4 and 2 times, respectively. Moreover, the systematic study of reactive
oxygen species’ (ROS) contribution was also explored with the help of iso-propanol, methanol, and
potassium dichromate as •OH radicals, holes (h+), and superoxide ion-scavengers, respectively.
Scavenging results showed that O2

− played a primary role in RG12 removal; however, •OH radicals’
and photo-generated holes’ (h+) contributions were minimal. The CuxO/TiO2 photocatalyst was
found to have a good reusability and stability up to 21 cycles. Ions’ release was quantified by means
of inductively coupled plasma mass spectrometry (ICP-MS) showing low Cu-ions’ release.

Keywords: photocatalysis; reactive green 12; CuxO/TiO2; polyester; HiPIMS; visible light LEDs
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1. Introduction

The textile industry is one of the largest consumers of water on our planet, and the second
most polluting industry after the oil and gas industry [1,2]. Textile effluent containing synthetic dyes
have toxic and carcinogenic compounds, which are stable and non-biodegradable due to the high
molecular weight, the presence of azo bonds and amide groups in the molecular structure. Many of
the chemical and physical treatment processes have shown insufficient results toward the degradation
of theses pollutants. Recently, heterogeneous photocatalysis is one of the advanced oxidation
processes that increasingly interests researchers. Photocatalysis was seen to transform/mineralize
these synthetic dyes to lesser harmful by-products before their discharge into the environment. In the
last decade, numerous works have been mostly focused on the designing and the development
of new photocatalytic materials [3–8]. In this direction, different methods and preparations were
investigated [3]. Sol–gel [4], hydrothermal [5], combined sol–gel/hydrothermal [6], chemical vapor
deposition (CVD) [7], liquid phase deposition (LPD) methods [8] among many others were reported in
the literature. In the aim of understanding the relationship between physico-chemical proprieties of
photocatalyst and photocatalytic performances, various strategies have been adopted. Many studies
investigated the effect of (1) semiconductor type such as TiO2, ZnO, and SnO2 [9,10]; (2) the number
(mono-, bi-, or tri-doping) and the ratio of doping agents (N, P, Fe, Ag, etc.) [11–14]; (3) the support
type such as polyester, cellulose, polypropylene, or polystyrene [15–17]; and (4) the substrate
functional groups before the catalyst deposition [18,19]. It had been widely reported that band
gap energy, surface area, particles size, and chemical stability were the most important parameters
controlling the reactivity of a photocatalytic material [20–22]. TiO2 was reported to be the most suitable
photocatalyst because of its high stability, low toxicity, low cost, chemical inertness, wide band gaps,
and resistance to photo-corrosion [23–25]. Conventional direct current magnetron sputtering (DCMS)
and high-power impulse magnetron sputtering (HiPIMS) have been used during the last decade to
prepare photoactive thin films [26,27]. These films were reported to exhibit redox catalysis leading to
bacterial inactivation [19,24,27], organic dyes degradation [25], antifungal [28], corrosion resistance [29],
and self-cleaning [30]. Sequentially sputtered TiO2/Cu showed bacterial inactivation in the minute
range [31,32]. Co-sputtered TiO2/CuxO using HiPIMS was reported to lead to compact photoactive
films showing reduced ions’ release [31]. The main goals of the present study are (i) to explore the
HiPIMS deposition of CuxO on TiO2 under-layer; (ii) to optimize the deposition parameters leading
to stable thin film materials showing fast degradation of a toxic textile dye (Reactive Green 12) as
target hazardous compound; (iii) to use the visible light light-emitting diodes (LEDs) system as
efficient and economic light source; and (iv) to test the effect of the presence of some oxidant, mineral
pollutant, or salts on the performance of the photoactive material. This latter goal is a step further
to mimic real textile industry wastewater effluents normally presenting salts and oxidative agents.
The photo-generation and the contribution of reactive oxygen species (ROS) are investigated in detail.

2. Experimental

2.1. Materials

Hydrogen peroxide (35 wt %, Merck KGaA, Darmstadt, Germany), potassium dichromate
(>99 wt %, Carlo Erba Reagents S.A.S., Chaussée du Vexin, France), 2-propanol (>99.5%, Merck KGaA,
Darmstadt, Germany), potassium peroxydisulfate (≥90 wt %, Merck KGaA, Darmstadt, Germany),
chloroform (>99.97%, Acros-Organics, Thermo Fisher Scientific, Geel, Belgium), methanol (99.99%,
Thermo Fisher Scientific, Geel, Belgium), copper (98.5 wt %, Merck KGaA, Darmstadt, Germany),
and sodium chloride (99.5 wt %, Acros-Organics, Thermo Fisher Scientific, Geel, Belgium) were
used. Reactive Green 12 dye (>99%, MW = 1837 g mol−1) procured from the textile manufacture of
Constantine (Algeria) was used as received; the aqueous solutions were prepared using MilliQ water
with a resistance of 15.0 MΩ·cm. The chemical structure and properties of Reactive Green 12 (RG12)
dye were recently reported [18].
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2.2. Catalyst Preparation

The CuxO/TiO2 coatings were sputtered using reactive HiPIMS process. Ti and Cu targets were
purchased from Lesker (Kurt J. Lesker Company Ltd., East Sussex, UK) (99.99% pure). The sputtering
chamber was operated at a high vacuum with a residual pressure less than 4 × 10−5 Pa. This chamber
was equipped with two confocal targets 5 cm in diameter. A HiP3 5KW Solvix generator (Advanced
Energy, Fort Collins, CO, USA) was used for the HiPIMS deposition and was operated at an average
power of 100 W (5 W·cm−2) with a pulse-width of 50 μs and a frequency of 1000 Hz. A TiO2 under-layer
was sputtered (for 1 min) before the deposition of CuxO to reduce the voids of polyester and to permit
a high dispersion of Cu species on the surface [33]. The target-to-substrate distance was fixed at 10 cm
in order to obtain homogeneous and adhesive CuxO films. The sample holder was rotating at a speed
of 18 rpm.

Table 1 shows a summary about the prepared catalysts used in this study. Different current
intensities were applied to the Cu-sputtering target—(1) HiPIMS mode (20 A, 40 A and 80 A) and
(2) direct current mode (direct current magnetron sputtering, DCMS) at 300 mA. The Cu-deposition
times were 5, 10, 20, and 100 s. The obtained photocatalytic thin layers were used in the degradation of
4 mg/L of RG12 solution, as shown in Figure 1.

Table 1. Summary of the prepared catalysts used in this study.

Catalyst Sputtering Mode
Sputtering Time of Copper

Upper Layer (s) *
Sputtering Power

CuxO/TiO2 DCMS/DCMS 5, 10, 20, and 100 0.5 A/0.3 A
CuxO/TiO2 HiPIMS/DCMS 5, 10, 20, and 100 20 A/0.3 A
CuxO/TiO2 HiPIMS/DCMS 5, 10, 20, and 100 40 A/0.3 A
CuxO/TiO2 HiPIMS/DCMS 5, 10, 20, and 100 80 A/0.3 A

* The TiO2 under-layer was sputtered for 1 min.

 

Figure 1. Photocatalytic apparatus for Reactive Green 12 (RG12) degradation.

2.3. Characterization of Materials

The UV–Vis spectra of all samples were recorded using a Varian Cary®50 UV–Vis
spectrophotometer (Agilent, Les Ulis, France), where the spectra were obtained at the wavelength
range of 200–800 nm (λmax = 615 nm).

Transmission electron microscopy (TEM) of the sputtered polyester (PES) fabrics was carried out
using a FEI Tecnai Osiris (Thermo Fisher Scientific, Hillsboro, OR, USA) operated at 200 kV. The spot
size was set to 5 μm, dwell time 50 μs, and the real time of 600 s. The samples were embedded in
epoxy resin (Embed 812) and cross-sectioned with an ultra-microtome (Ultracut E) up to thin layers
of 80–100 nm thick. These thin layers were then placed on TEM holey carbon grid in order to image
the samples.
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X-ray diffraction (XRD) INEL EQUINOX instrument (INEL, Stratham, NH, USA), power 3.5 kW
and coupled with a CPS120detector (INEL, Stratham, NH, USA) was used to register peaks from 2
to 120 θ.

2.4. Photocatalytic Experiments

The photocatalytic activity of the synthesized photocatalyst was evaluated by following the
degradation of 15 mL of the RG12 dye solution in petri dish as a reactor under magnetic stirring
(see Figure 1). The reaction system included an ultraviolet light-emitting diodes (LEDs) system
(visible light LEDs, Innolux, Santa Clara, CA, USA) as an irradiation source (λ = 420 nm) with a
measured intensity of 1 mW/cm2. The initial RG12 solution was stirred in the dark for 30 min to
reach adsorption–desorption equilibrium before the LEDs irradiation was ON. The concentration of
dye solution samples (V = 3 mL) was analyzed using a UV–Vis spectrophotometer (Agilent, Les Ulis,
France) at regular time intervals. The protective grid is made of stainless steel and is used to protect
the catalyst from the possible mechanical damage caused by the stirrer.

The RG12 discoloration efficiency (%) of the material was evaluated by the following Equation (1)

n(%) = (
A0 − At

A0
)× 100 (1)

where A0 and At are the initial intensity of absorbance peak at λmax (λmax = 615 nm) and the intensity
of absorbance peak at time t in UV–Vis spectra of RG12, respectively.

The coated fabrics were also tested for stability by testing their recycling performance.
The ions released from the fabrics were quantified using inductively coupled plasma mass
spectrometry (ICP-MS) using Finnigan™, Element2 high-performance high-resolution ICPMS model
(Zug, Switzerland). The ICP-MS resolution was of 1.2 × 105 cps/ppb with a detection limit of 0.2 ng/L.
Clean Teflon bottles were used to prepare the calibration standards through successive dilutions of
0.1 g L−1 ICPMS stock solutions (TechLab, Metz, France). The washing solution from the samples were
digested with nitric acid 69% (1:1 HNO3 + H2O) to remove the organics and to guarantee that there
were no remaining ions adhered to the reactor wall.

3. Results and Discussion

3.1. Effect of the Photocatalyst Preparation Parameters on the RG12 Discoloration and the Microstructure

The photocatalytic degradation of RG12 under the LEDs is shown in Figure 2. We noted that
when applying a current intensity of 40 A to the target, the resulting thin film showed the fastest
RG12 degradation followed by HiPIMS at 20 A, DCMS (300 mA), and HiPIMS at 80 A with 100 s as
deposit time.

 
(a) (b) 

Figure 2. Cont.
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(c) (d) 

Figure 2. Photocatalytic degradation of RG12 with different current intensity used in photocatalyst
preparation (initial pollutant concentration 4 mg/L) on (a) samples sputtered for 5 s on polyester (PES);
(b) samples sputtered for 10 s; (c) samples sputtered for 20 s; and (d) samples sputtered for 100 s.

From another hand, at this value of current intensity (40 A), increasing the sputtering time led
to an increase in the photocatalytic discoloration efficiency of RG12, where 27.3%, 33.1%, 37.6%,
and 53.4% dye elimination after 360 min under irradiation was observed with 05, 10, 20, and 100 s
deposition time, respectively, as shown below in Figure 2. The TiO2 under-layer did not show any
photocatalytic activity (3–6% RG12 removal). This is in accordance with previous results found for
methylene blue [25]. This can be attributed to the low amount of TiO2 (and active sites) available
for RG12.

This can be attributed to the optimal mass-to-volume ratio of the HiPIMS deposited film at
40 A. It has been reported that small-sized nanoparticles induce favorable photocatalytic bacterial
inactivation kinetics due to the large surface area per unit mass [24]. The distribution of CuxO
nanoparticles on the TiO2 under-layer on the polyester was found to be uniform and did not induce
cracks on the substrate. Figure 3 shows the TEM imaging of the sputtered layers (HiPIMS at 40 A)
on polyester (PES). The TiO2 under was sputtered to reduce the porosity of the PES leading to the
continuous distribution of the CuxO upper layer [31,33].

 

Figure 3. TEM imaging of CuxO/TiO2 deposited by high-power impulse magnetron sputtering
(HiPIMS) at 40 A.

The charge transfer between the TiO2 and the CuxO at the surface and the organic pollutant
depends on the diffusion length of the photo-generated charges at the interface of the film under light
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irradiation. The charge transfer/diffusion is also a function of the TiO2 and of the Cu-particles’ size
and shape as previously reported [34,35].

X-ray diffraction of the sputtered CuxO/TiO2 on PES (sputtered for 100 s at 40 A) showed the
absence of sharp peaks that can be attributed to the CuxO clusters. This reflected the low crystallinity of
the deposited Cu clusters. The absence of clear crystal phase could be attributed to the short sputtering
time leading to the formation of very small Cu nanoparticles/clusters. The low Cu and Ti loadings led
to ~80 nm thin film on the porous PES. The diffractogram showed a high noise-to-signal ratio due to
the low amount of Cu species on the PES.

3.2. Effect of key Parameters: Pollutant Concentration and Surface-Area to Volume Ratio

Figure 4 shows the photocatalytic RG12 discoloration when using different initial dye
concentrations. It is readily seen from Figure 4 that the discoloration is faster for lower initial
concentrations, with optimal kinetics for 4 mg/L. This can be explained by the unavailability of active
site for the adsorption of all dye molecules and their degradation at high initial concentrations [25].
Furthermore, the increase in dye concentration led to an increase in medium opacity and then less
permeability to the applied light, which reduced the photo-generated reactive species important for
the photocatalytic process [25,36]. It has been recently reported that porous Cu2O nanostructures were
also able to adsorb ions such as radioactive iodine issued from nuclear fission [37].

Figure 4. Photocatalytic degradation of RG12 with different initial concentrations (current intensity, 40
A and sputtering time, 100 s).

In order to investigate the effect of the photocatalyst surface (in other words, the available
catalytic active sites), the effect of increasing surface area to volume (dye volume) ratio (SA/V)
on the photocatalytic efficiency was studied using higher ratios for the discoloration of 4 mg/L
RG12. We noted that the used photocatalytic surface in the previous experiment was fixed to 16 cm2,
which gave a surface area to volume ratio (SA/V) of 1.06 cm−1. The results are shown in Figure 5.
It was readily seen that increasing SA/V increased the discoloration efficiency. This can be attributed to
the increase in the number of active sites available for RG12 molecules and intermediate by-products’
adsorption and degradation. A ratio of 1.06 showed 53.4% of discoloration efficiency; however, a ratio
of 2.66 cm−1 led to 90.1% under visible light LEDs irradiation for 360 min. Similar results were
reported by Huang et al. for the methyl orange discoloration on Pt-modified TiO2 supported on
natural zeolites [38].
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Figure 5. Photocatalytic degradation of RG12 with different catalyst surface area to volume ratio (initial
concentrations, 4 mg/L; current intensity, 40 A; and sputtering time, 100 s).

3.3. Implication of Radicals and ROS Species within RG12 Discoloration

The contribution of individual reactive oxidizing species (•OH, O2
•–, and h+) in the RG12

degradation was studied using selective scavengers (MeOH and iso-propanol for •OH, potassium
dichromate for O2

•−, and CHCl3 and MeOH for electronic holes). The choice of selective scavenger was
based on the second-order kinetic rate constant of the reaction between the ROS and each scavenger as
shown in Supplementary Materials Table S1.

Figure 6a shows that the presence of MeOH (holes scavenger) in reaction medium enhanced the
discoloration efficiency of the reactive dye. Furthermore, increasing the MeOH amount led to the
acceleration of the photocatalytic RG12 abatement until an optimum value of alcohol of 50 mmol/L
leading to 74.3% of discoloration efficiency after 360 min of irradiation.

 
(a) (b) 

Figure 6. Cont.
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(c) (d) 

Figure 6. Photocatalytic degradation of RG12 in the presence of (a) methanol; (b) iso-propanol;
(c) chloroform; and (d) potassium dichromate. (Initial RG12 concentration = 4 mg/L; sample, HiPIMS
at 40 A; and sputtering time, 100 s.)

On the other hand, as shown in Figure 6b, the presence of iso-propanol in the reaction medium
slightly enhanced the photocatalytic RG12 discoloration, where 58.8% of RG12 was destroyed with
43.5 mmol/L of alcohol after 360 min compared to 53.4% without scavenger addition.

Figure 6a,b shows that the presence of alcohol (MeOH or iso-propanol) slightly enhanced the
photocatalytic reaction rate, which can be explained by the inhibitory effect played by hydroxyl radicals
in the degradation mechanism of RG12. Similar results were found by Rong and Sun in their work
reported on the photocatalytic degradation of triallyl isocyanurate (TAIC) [39]. The additional effect in
the inhibition of discoloration efficiency in the presence of MeOH compared to iso-propanol can be
attributed to the holes’ effect because of the high reactivity of iso-propanol with the hydroxyl radicals
(kiso-prop,

•
OH = 1.9 × 109 M−1 S−1) [40] compared to the MeOH (kMeOH,

•
OH = 9.7 × 108 M−1 S−1) [41].

It is worth to mention at this level that Di Valentin and Fittipaldi [42] studied the photo-generated
hole scavenging using different organic adsorbates on TiO2. They established a scale of scavenging
power showing glycerol > tert-butanol > iso-propanol > methanol > formic acid. This suggested
that methanol could exhibit electronic-holes scavenging, but negligible compared to the •OH-radical
scavenging. Furthermore, Shen and Henderson [43] reported on the molecular and dissociative forms
of methanol on TiO2 surface for holes scavenging. They showed that methoxy (dissociative form of
methanol) effectively scavenged the photo-generated holes, and not methanol itself. This did not allow
an unequivocal separation between •OH-radical and h+ scavenging when using methanol.

Figure 6c shows that the presence of 4.5 mmol/L of chloroform slightly improved the discoloration
efficiency of RG12 by 11% after 360 min under light. This enhancement can be attributed to the
holes-scavenging characters of Cl ions generated from the chloroform decomposition/dissolution.

Oxygen superoxide anion (O2
•−) is one of the very important radicals studied because of its

crucial role in the photocatalytic process. The contribution of this photo-generated radical was studied
by adding potassium dichromate (K2Cr2O7) to the reaction medium. The results of adding are shown
in Figure 6d. The presence of potassium dichromate decreased the reaction rate of RG12 discoloration,
where a reduction of 32.7% in discoloration efficiency was recorded in the presence of 1.1 mmol/L
K2Cr2O7. An inversely proportional relationship between the added quantity of K2Cr2O7 and the
discoloration efficiency of RG12 was also noticed. This can be explained by the positive role played by
O2

•− in the elimination of RG12 textile dye.
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3.4. Effect of the Addition of Oxidizing Agents: Cases of H2O2 and K2S2O8

In order to enhance the photocatalytic reaction, several intensification ways can be tested.
The effect of the adding oxidants such as hydrogen peroxide (H2O2) and potassium peroxydisulfate
(K2S2O8) in the reaction medium (mimicking real textile industry effluents) on the photocatalytic
reaction kinetics was investigated. Figure 7a shows that adding hydrogen peroxide (H2O2) strongly
improved the reaction rate, where 47.4% and 100% discoloration were, respectively, achieved after
30 and 300 min in the presence of 4.6 mmol/L H2O2. However, only 48% of discoloration efficiency
was noticed without any addition after 300 min under light. The strong enhancement caused by the
presence of H2O2 can be explained by (i) the participation of H2O2 in the generation of •OH from one
hand [44] and (ii) the reduction of the recombination rate as shown below in Equations (2)–(4) from
another hand [45,46]. It is worth to mention at this level that the •OH is 1.5 times more oxidant than
H2O2 and 1.4 times more than ozone [47,48].

e−cb + H2O2 → 2HO• (2)

O2
•− + H2O2 → •OH + OH− + O2 (3)

hv + H2O2 → 2(•OH) (4)

 
(a) (b) 

Figure 7. Photocatalytic degradation of RG12 in the presence of (a) hydrogen peroxide (H2O2) and
(b) potassium peroxydisulfate (K2S2O8). (Initial RG12 concentration = 4 mg/L; sample, HiPIMS at
40 A; and sputtering time, 100 s.)

The effect of persulfate ions on the photocatalytic degradation of RG12 was investigated by
varying its concentration from 1.1 to 3.1 mmol/L. Figure 7b shows that the presence of potassium
peroxydisulfate (K2S2O8) drastically increased the reaction rate of RG12 discoloration, where 67.5%
and a full discoloration (100%) were achieved within 210 min with 1.1 and 3.1 mmol/L S2O8

2−,
respectively. This can be due to the electron-scavenging properties of S2O8

− [49], which led to the
formation of sulfate radical anions (SO4

•−) with a high oxidizing power (E◦ = 2.6 eV) by S2O8
2−

reduction according to the Equations (5) and (6) [50].

S2O8
2− + e−cb → SO4

•− + SO4
2− (5)

SO4
•− → SO4

2− + hvb
+ (6)

The effect of SO4
•− in the enhancement of RG12 discoloration can be rationalized in (i) the

prevention of electron/hole recombination rate resulted from the interaction with conduction band
electrons leaving behind positives holes [51]; (ii) the abstraction of a hydrogen atom from saturated
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carbon [44]; (iii) the generation of hydroxyl radicals by interaction with H2O molecules according to
Equation (7) [52]; and (iv) the possible reaction of sulfate radical anions and the dye molecules by
direct attack [53].

SO4
•− + H2O → SO4

2− + •OH + H+ (7)

At this stage, it is worth to mention that copper oxide can be easily “sulfated”. This may affect the
catalytic performance of the catalyst.

3.5. Effect of Different Water Matrices on RG12 Degradation

In order to approach a real case of textile effluent, the effect of mineral ions’ and salts’ presence
on the photocatalytic reaction rate was investigated by testing both Cu and NaCl as inorganic ions.
Cu and NaCl were tested separately, and then combined together. It is readily seen from Figure 8
that the presence of Cu has a negative effect on the discoloration efficiency which can be explained as
follows: (i) the possible complexation of Cu and organic species or some intermediate by-products [54];
(ii) according to the work of Kumawar et al. [55], there is an optimum concentration when adsorbed
metal ions change the behavior from enhancer to inhibitor because of changing surface charge of the
photocatalyst or the target pollutant. Similar results on Cu-inhibitory effect was found by Tercero
Espinoza et al. [56]; and (iii) the presence of transition metal ions can alter the electron-transfer pathway,
decrease the reduction of oxygen, and even suppress the degradation [57].

Figure 8. Photocatalytic degradation of RG12 in the presence NaCl and Cu. (Initial RG12 concentration
= 4 mg/L; sample, HiPIMS at 40 A; and sputtering time, 100 s).

The addition of NaCl as chloride ions source (Cl−) to the dye solution in our experiment led to a
reduction of discoloration efficiency by about 20% after 360 min under LEDs light (420 nm).

The effect of anions in the photocatalytic medium has been reported to have an inhibitory
characters due to (1) the competitive effect between the anions and the target pollutant toward the
active sites available on the surface of the photocatalyst [58]; (2) the anion radicals’ scavenging
properties such as holes and hydroxyl radicals, which led to the formation of ionic radicals such as Cl•,
NO3

•, and HCO3
•− less reactive than •OH [20]; and (3) the h+-scavenging proprieties of chloride ions

according to Equation (8) [59].
Cl− + h+vb → Cl•− + H+ (8)

The simultaneous addition of Cu and NaCl (both at the same time) led to a drastic enhancement
in the discoloration rate of RG12, where 98% of RG12 discoloration was observed within 360 min of
illumination, as shown in Figure 8.

90



Materials 2019, 12, 412

RG12 removal can be influenced by the multitude of species present in the real wastewater
effluent. Mathematical simulation of the degradation of RG12 was seen to fit a second-order model as
described by the equation (see supplementary Table S1):

d[RG12]
dt

= −k[RG12][AS]

where [AS] is the steady-state concentration of actives species (radical hydroxyl, sulfate ion radical,
reactive oxygen anion superoxide, etc.), [RG12] is the concentration of RG12 in water, k is the
second-order rate constant and t is the reaction time.

Taking into account the instantaneous concentrations of the photo-generated ROS, the kinetics of
the degradation of RG12 in water can be described according to the pseudo-first-order equation as
given below:

[RG12](t) = [RG12]0 exp−kapp .t

where kapp, is the pseudo-first-order apparent rate constant (min−1) and it was obtained by linear
regression of ln(Ct/Co) vs. time t.

Figure 9 summarizes the reaction rate constants kapp of RG12 degradation with and without the
addition of various chemicals (scavengers, oxidants, or inorganic pollutants). The constants varied
from very low values of 0.00051 min−1 in the presence of Cu ions to very high values (0.0143 min−1)
in the presence of H2O2. In the presence of H2O2, there was an enhancement of 7 times of the
RG12 discoloration rate followed by a 6 times’ enhancement with K2S2O8. It is readily seen that the
constant rate of reaction in the presence of methanol (0.004 min−1) is higher than with the addition of
iso-propanol (0.002 min−1).

Figure 9. Reaction rate constant of RG12 photocatalytic degradation in the presence of different
chemical products.

In the aim to evaluate the stability and the reusability of the synthesized material supported on
PES used in this study, successive photocatalytic cycles were applied for the degradation of RG12
(4 mg/L in each experiment) with the same catalyst. As it can be seen in Figure 10, the photocatalyst
has a good stability under LEDs illumination approved by the slight decrease in discoloration efficiency
(about 7%) after 21 runs.
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Figure 10. Recycling runs of the catalyst for the photocatalytic degradation of RG12 up to 21 runs
(initial concentrations: 4 mg/L; catalyst dose, 1 sheet; current intensity, 40 A; and sputtering time,
100 s).

Table 2 shows the released Cu and Ti ions from the fabrics after 1, 5, 10, and 21 washing cycles.
The results presented in Table 2 are cumulative quantification of the released ions during all the
cycles. It is readily seen from Table 2 that the Ti ions are found at very low quantities during the first
5 cycles and then reduced drastically to almost zero ppb at the end of the recycling experiment. Table 2
also shows that the Cu ions’ release slows down at the end of the recycling (after the 10th cycle) to
stabilize at about 2–3 ppb/cycle. These results were slightly similar to previous reports using HiPIMS
deposition of CuxO or TiO2/Cu deposited on polyester for photocatalytic applications [15,31,60].
The cumulative ions’ release is still far below the threshold fixed by regulatory bodies for Cu and/or
Ti ions.

Table 2. Inductively coupled plasma mass spectrometry (ICP-MS) quantification of ions’ release during
the recycling experiment.

Cu Ions Ti Ions

Cycle 1 17 6
Cycle 5 29 9

Cycle 10 32 10
Cycle 21 34 10

4. Conclusions

CuxO thin films deposited using HiPIMS on polyester under different sputtering energies were
successfully synthesized. The sputtering mode and the applied current intensity were optimized.
The photocatalytic performance of the photocatalyst was evaluated for the degradation of RG12 under
visible light LEDs irradiation with different initial dye concentrations and surface area to volume
ratios. The effect of different concentrations of various chemicals (scavengers, oxidants, or inorganic
ions) on the photocatalytic process was also studied mimicking a real textile effluent containing a
large variety of compounds. The monitoring of ROS showed that the superoxide ions played the main
role in RG12 degradation contrary to hydroxyl radicals and the photo-generated holes. The presence
of H2O2 or K2S2O8 presented a high oxidizing power, enhancing the photocatalytic activity of the
sputtered catalyst. The presence of Cu as mineral pollution and NaCl as salt decreased the reaction
rate, but the addition of both of them (Cu and NaCl salts) improved the removal efficiency of the
studied pollutant. The recycling of the catalyst showed a high stability of the catalyst up to 21 RG12
discoloration cycles. ICP-MS showed stable ions’ release after the 5th cycle for both ions. This allows
potential industrial applications of the reported HiPIMS coatings in the future.
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Abstract: In this study, the effects of titanium dioxide (TiO2) nanoparticles on the sulfate attack
resistance of ordinary Portland cement (OPC) and slag-blended mortars were investigated. OPC
and slag-blended mortars (OPC:Slag = 50:50) were made with water to binder ratio of 0.4 and a
binder to sand ratio of 1:3. TiO2 was added as an admixture as 0%, 3%, 6%, 9% and 12% of the binder
weight. Mortar specimens were exposed to an accelerated sulfate attack environment. Expansion,
changes in mass and surface microhardness were measured. Scanning Electron Microscopy (SEM),
Energy Dispersive Spectroscopy (EDS), X-ray Diffraction (XRD), Thermogravimetry Analysis (TGA)
and Differential Scanning Calorimetry (DSC) tests were conducted. The formation of ettringite and
gypsum crystals after the sulfate attack were detected. Both these products had caused crystallization
pressure in the microstructure of mortars and deteriorated the mortars. Our results show that the
addition of nano-TiO2 accelerated expansion, variation in mass, loss of surface microhardness and
widened cracks in OPC and slag-blended mortars. Nano-TiO2 containing slag-blended mortars were
more resistant to sulfate attack than nano-TiO2 containing OPC mortars. Because nano-TiO2 reduced
the size of coarse pores, so it increased crystallization pressure due to the formation of ettringite and
gypsum thus led to more damage under sulfate attack.

Keywords: titanium dioxide; nanoparticles; photocatalysis; sulfate attack; mortar; cement; blast
furnace slag; expansion; deterioration; microcracks

1. Introduction

1.1. Background

Titanium dioxide (TiO2) is a white and inorganic material. It is used as an effective photocatalyst
and can be activated by light radiation to degrade organic and inorganic pollutants present in the
water and air through oxidation-reduction process. In recent decades, TiO2 has been added to concrete
during mixing to yield a product with self-cleaning and air purifying properties [1]. TiO2 can clean
the surface of concrete by degrading certain pollutants deposited on its surface in the presence of
sunlight and can also convert harmful gases like nitrous oxides and volatile organic compounds
(VOCs) to less harmful products [2,3]. Concrete with the addition of TiO2 has been referred to in the
literature as self-cleaning, air purifying, or photocatalytic concrete. Photocatalytic concrete has been
effectively used in the pavement blocks, tunnels, sidewalks and external walls of buildings for air
purifying purposes and to maintain the aesthetic properties of buildings [4,5]. Additionally, ground
granulated blast furnace slag (GGBFS) is an industrial byproduct with a white color. Use of slag in
cementitious materials is environmentally beneficial as it helps in reducing carbon dioxide emissions
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and energy use due to cement production [6]. It can be used in concentrations up to 30% to replace
white Portland cement for architectural effects in white concrete structures [7]. The aesthetic appeal
of such structures can be preserved by adding nano-TiO2 [4,8]. Simultaneous use of TiO2 and slag in
cementitious materials can inherit them with beneficial characteristics of both slag and TiO2.

Sulfate attack is one of the most aggressive environmental conditions to address for concrete.
Sulfate ions present in the soil, run-off water, seawater, groundwater and sewer lines can move
to the interior of the concrete through pores and react with unhydrated and hydrated alumina
phases, portlandite (CH), calcium silicate hydrate (CSH) to produce ettringite and gypsum.
Incoming SO4

2− ions react with calcium alumino monosulfate phases and produce ettringite
(3CaO·Al2O3·3CaSO4·32H2O) according to Equation (1) [9]:

SO4
2− + 4CaO·Al2O3·SO3·12H2O + 2Ca2+ + 20H2O → 3CaO·Al2O3·3CaSO4·32H2O (1)

Sodium sulfate reacts with portlandite to produce gypsum and sodium hydroxide according to
Equation (2):

Na2SO4 + Ca(OH)2 → CaSO4·2H2O + NaOH (2)

Gypsum reacts with hydrated products such as calcium aluminates, calcium sulfoaluminate
(monosulfate- C4ASH12–18) or tricalcium aluminate, (unhydrated phase in cement clinker) to produce
ettringite, as given in the Equations (3)–(5):

4CaO·Al2O3·13H2O + 3(CaSO4·2H2O) + 13H2O → 3CaO·Al2O3·3CaSO4·32H2O + Ca(OH)2 (3)

4CaO·Al2O3·SO3·12H2O + 2(CaSO4.2H2O) + (10 − 16) H2O → 3CaO·Al2O3·3CaSO4·32H2O (4)

3CaO·Al2O3 + 3(CaSO4·2H2O) + 26H2O → 3CaO·Al2O3·3CaSO4·32H2O (5)

Ettringite is an expansive product and causes expansion in the hardened cement paste. Expansion due
to gypsum is disputed [10], researchers agree that gypsum softens mortar and reduces its strength [11].
If the expansive stresses from the formation of new products exceed the tensile strength of the hardened
concrete, then microcracks are formed. These microcracks allow greater transport of sulfate ions from
the external environment to the interior of the concrete and accelerate the sulfate attack. Sulfate attack
increases porosity, reduces strength, softens concrete, changes mass, causes expansion, cracking and
spalling. The severity and nature of these defects are dependent on factors such as cement type and
composition, water/binder ratio, presence and amount of supplementary cementitious materials,
porosity, permeability, ambient temperature, the concentration of sulfate ions and types of cations,
such as sodium or magnesium. More details relating to the mechanism of sulfate attack can be found
in the previous reviews [9,11–13].

1.2. Research Significance

During service life, photocatalytic concrete is in contact with soil or water; as both soil and water
are sources of sulfate attack, there is a high possibility of such an attack. The addition of nano-TiO2

alters the mechanical properties and the microstructure of the concrete [14]; therefore, it is necessary to
investigate sulfate attack on nano-TiO2 containing concrete to design efficient photocatalytic structures
and avoid premature failure. Research into sulfate attack on photocatalytic mortars is sparse. In this
study, we investigate the effects of nano-TiO2 on the sulfate attack resistance of pure Portland cement
mortars and slag-blended mortars at two exposure temperatures. Nano-TiO2 was added to the mortars
at binder weight percentages of 0%, 3%, 6%, 9% and 12%. Other researchers have also used large TiO2

dosage in their studies [14–18]. Lower dosage of TiO2 in the cementitious materials may be insufficient
to ensure self-cleaning and air purification at longer ages. Therefore, higher dosage of TiO2 was chosen.
The mortars were immersed in 10% sodium sulfate solution at 5 and 25 ◦C and expansion, changes in
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mass and loss of surface microhardness were measured. SEM, EDS, XRD, TGA and DSC tests were
conducted on deteriorated specimens.

2. Experimental Program

2.1. Materials and Mix Proportion

Titanium dioxide used in this study was produced by Cristal France SAS (Thann, France).
According to Cristal Corporate, the content of anatase phase in the product was more than 99%,
the size of nanoparticles ranged from 10~60 nm and specific surface area of the powder was 85.6 m2/g.
Ordinary Portland cement and ground granulated blast furnace slag were purchased from a local
company (Dongyong Cement, Co., Ltd., Seoul, Korea). The chemical compositions of the cement and
slag are given in Table 1.

Table 1. Chemical composition and physical properties of ordinary Portland cement (OPC) and ground
granulated blast furnace slag (GGBFS).

Oxide OPC GGBFS

CaO (%) 62.27 40.72
SiO2 (%) 21.32 34.86

Al2O3 (%) 5.19 12.54
SO3 (%) 2.17 1.32

MgO (%) 3.04 7.61
Fe2O3 (%) 2.23 0.72
K2O (%) 0.58 0.67

Na2O (%) 0.52 0.38
Loss on ignition 1.5 0.43

Blaine fineness (cm2/g) 3400 4600
Specific Gravity 3.15 2.9

Control and binder/TiO2 composite mortars were made by adding TiO2 as 3%, 6%, 9% and
12% of the binder weight. Water/binder ratio was fixed to 0.4, a polycarboxylate ether-based water
reducing admixture (0–1.2% of the binder weight) was added to adjust the fluidity of the mortars. Mix
proportions are shown in Table 2. The TiO2 particles were first deagglomerated and dispersed in water
through ultrasonication using a sonic probe for at least 45 min. Then water reducing admixture was
added in the water and stirred for one more minute. This mixture was slowly added to the sand and
binder in the mortar mixer and then mortar specimens were formed.

Table 2. Mix proportion.

Acronym OPC (g) Slag (g) TiO2 (g) Sand (g)
Water/Binder

Ratio
Water Reducing
Admixture (%)

0% OPC 1500 0 0 4500 0.40 0
3% OPC 1500 0 45 4500 0.40 0.25
6% OPC 1500 0 90 4500 0.40 0.6
9% OPC 1500 0 135 4500 0.40 1
12% OPC 1500 0 180 4500 0.40 1.2

0% slag-blended 750 750 0 4500 0.40 0
3% slag-blended 750 750 45 4500 0.40 0.2
6% slag-blended 750 750 90 4500 0.40 0.55
9% slag-blended 750 750 135 4500 0.40 1
12% slag-blended 750 750 180 4500 0.40 1.2

2.2. Test Procedure and Specimen Preparation

ASTM C 1012 [19] is one of the test methods used to evaluate sulfate resistance. According to
this method, mortar prisms with dimensions of 25.4 mm × 25.4 mm × 279.4 mm with pins at both
ends are prepared and stored in limewater until reaching a strength of 20 MPa. They are then stored
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in 5% sodium sulfate (Na2SO4) solution and any expansion is measured. The ASTM C 1012 process
takes several months to a year to complete; many accelerated tests have been proposed using small
specimen sizes and higher concentrations of sulfate solution. A summary of these tests can be found
in the work of Kim Van Tittelboom et al. [20]. Ferraris et al. [21] developed a new accelerated test
technique for measuring the sulfate resistance of mortar. Here, authors used their test method with
some modifications. They had immersed 10 mm × 10 mm × 40 mm rectangular prism specimens
in 5% Na2SO4 solution. In this study, cylindrical mortar specimens with a diameter of 10 mm and
length 40 mm were immersed in 10% Na2SO4 solution. Because expansion depends on size rather
than shape, specimen size is a crucial factor in evaluating sulfate resistance [20,22], although crack
patterns might differ in cylindrical and rectangular prisms. To cast the specimens, molds were made in
the laboratory using the barrel of syringes with an internal diameter of 10 mm. The barrel of a syringe
was cut from the plunger and needle side to a length of 40 mm and was then fixed on a glass plate
with epoxy, as shown in Figure 1a. The mortar was cast in molds in four layers and each layer was
compacted 20 times with a 2 mm steel rod and the surface was leveled. Twenty specimens were made
for each mix proportion, for a total of 200 specimens. Mortar cubes and prisms were casted to measure
compressive and flexural strengths After 48 h of casting, the mortar specimens were removed from the
molds and placed in saturated limewater for 28 days. Four specimens of each mix proportion were
left immersed in saturated limewater while other specimens were selected for immersion in Na2SO4

solution. The studs were firmly fixed on the ends of these mortar specimens with epoxy. To allow
sulfate ions to attack only from the sides, the epoxy was applied to both end faces of the specimens.
Then they were immersed in 10% Na2SO4 solution as shown in Figure 1b, which was renewed every
other week. The volumetric ratio of the solution to the test specimens was 20:1. Half of the specimens
were stored at a temperature of 5 ± 1 ◦C and a half at 25 ± 1 ◦C. Both temperatures were maintained
constant for the entirety of the study period. Compressive and flexural strength tests were conducted
according to ASTM C109 [23] standard and ASTM C348 [24], respectively, at the age of 28 days. Water
absorption was measured at the age of 28 days [25].

(a) (b) 

Figure 1. (a) A schematic diagram of molds prepared in the laboratory for casting cylindrical mortar
specimens; (b) Mortar specimens immersed in Na2SO4 solution.

2.3. Expansion and Mass Variation

The length and mass of the specimens were measured every seventh day during the immersion
period using Equations (6) and (7):

Increase in length at (t) = (Lt − Li)/Li × 100 (6)

Increase in mass at (t) = (Mt − Mi)/Mi × 100 (7)

where L is the length, t is the time, i is the initial and M is the mass. The test was stopped after 84 days
of immersion.
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2.4. Vickers Microhardness

The Vickers microhardness test is a common surface hardness characterization technique [26]. In
this method, a static load is applied for a fixed time on the surface of the material using an indenter
and the area of indentation is calculated. The Vickers hardness indenter resembles a diamond pyramid
in shape. The Vickers hardness value is the ratio of applied load to indentation contact area and is
calculated according to Equation (8):

HV = 2Psin(φ2)/D2 = 1.854P/D2, (8)

where HV is the Vickers hardness value, P is the load (kgf), D is the mean diagonal of the indentation
pyramid (mm) and φ = 136◦. To measure the Vickers microhardness, samples with a diameter of
10 mm and depth of 10 mm were obtained by cutting cylindrical specimens with a diamond saw cutter
as shown in Figure 2a. Both ends of the obtained samples were successively polished with 400, 800,
1200 and 1500 grit polishing papers and placed in an oven at 55 ◦C for 24 h to remove the humidity. A
load of 0.1 kgf was applied and maintained for 10 s. Microhardness values were measured at 1, 2, 3, 4
and 5 mm from the external surface, as shown in Figure 2b. A minimum of 8 readings were taken at
each depth. The test was conducted using a Vickers hardness tester THV-1MD (Capital Instrument,
Beijing, China).

 
(a) (b) 

Figure 2. (a) The preparation of the sample used for microhardness; (b) Cross-sectional schematics of
the sample used in the Vickers microhardness test.

2.5. Microscopic Observation and Damage Rating

Cracks were observed with a microscope, EGVM-452 M (EG Tech, Seoul, Korea). The samples
were observed every four weeks both with the unaided eye and through the microscope to quantify
the damage. The specimens were rated on a scale from 0 to 7, as given in Table 3.

2.6. XRD, SEM, EDS, TGA and DSC Analyses

The damaged specimens were analyzed using X-ray diffraction (XRD, Rigaku, Tokyo, Japan),
Scanning Electron Microscopy (SEM; Model S-3000 N, Hitachi, Tokyo, Japan) equipped with Energy
Dispersive Spectroscopy (EDS) tester after 84 days of immersion. For XRD analysis, controlled
and deteriorated mortar samples were ground, passed through a 200-μm sieve. The XRD test was
conducted using the RINT D/max 2500 X-ray diffractometer at a voltage of 40 kV, current of 30 mA
and a scanning speed of 2◦/min using CuKα X-rays with a wavelength of 1.54 Å. For SEM and
EDX analyses, samples were prepared according to Sarkar et al.’s work [27]. TGA and DSC analysis
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were conducted on the powdered samples obtained from sliced samples as shown in Figure 2a.
The instrument used was Thermogravimetric Analyzer and Differential Scanning Calorimeter, DSC
SDT Q600 (TA Instruments, New Castle, DE, USA). Samples were heated from room temperature
to 1000 ◦C at the rate of 10 ◦C/min, nitrogen was purged at a flow rate of 100 mL/min. Powdered
samples were prepared according to Lothenbach et al.’s work [28].

3. Results and Discussion

3.1. Compressive, Flexural Strengths and Water Absorption

Figure 3 shows the variation of compressive and flexural strengths with the addition of nano-TiO2

in OPC and slag-blended mortars. Adding more than 6% nan-TiO2 as weight of the binder led to a
reduction in compressive strength of mortars while adding more than 3% nan-TiO2 as weight of the
binder led to a reduction in flexural strength of mortars. Increase in compressive strength was due to
filler effect of nano-TiO2 [29]. The water absorption results are shown in Figure 4 which shows that
water absorption is reduced with the addition of nano-TiO2 in both type of mortars. This positive effect
can be ascribed to the nano-TiO2 particles, which acted as fillers, served as nucleation sites for the
hydration reaction, hydration products precipitated around them and disconnected pores in the paste.
The reduction in water absorption due to slag addition can be ascribed to the their later hydration and
formation of secondary CSH in capillary pores [30].

(a) (b) 

Figure 3. Variation of mechanical properties with the addition of nano-TiO2 in mortars at the age of
28 days (a) compressive strength (b) flexural strength.

 

Figure 4. Variation of water absorption with the addition of nan-TiO2 in the mortars.
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3.2. Expansion and Mass Variation

Figures 5 and 6 show the expansion in nano-TiO2 containing OPC and slag-blended mortars
immersed in Na2SO4 solution at 25 ◦C and 5 ◦C for 84 days, respectively. The results show an increase
in expansion rate with the addition of nano-TiO2. At 25 ◦C, the expansion in 0% OPC mortars was
0.30%, while the expansion in 3%, 6% and 9% OPC mortars was 0.36%, 0.43% and 0.54%, respectively,
after 84 days. The increase in expansion with the increase of nano-TiO2 occurred at both temperatures
(25 and 5 ◦C). The comparison of expansion in OPC and slag-blended mortars showed that nano-TiO2

containing OPC mortars expanded more than nano-TiO2 slag-blended mortars. The expansion pattern
differed between nano-TiO2 slag-blended and nano-TiO2 containing OPC mortars; whereas former
exhibited a uniform rate of expansion but OPC mortars showed slow expansion initially and faster
expansion at later times. Slag improves performance by acting as a physical filler and pozzolanic
material [31]. Therefore nano-TiO2 containing slag mortars were more resistant to expansion. Storage
temperature also showed a prominent effect on the rate of expansion of TiO2 containing mortars.

(a) (b) 

Figure 5. Expansion in nano-TiO2 containing OPC mortars immersed in 10% Na2SO4 solution at
(a) 25 ◦C (b) 5 ◦C.

(a) (b) 

Figure 6. Expansion in nano-TiO2 containing slag-blended mortars immersed in 10% Na2SO4 solution
at (a) 25 ◦C (b) 5 ◦C.

Figures 7 and 8 show the mass variation for nano-TiO2 containing OPC and slag-blended mortars
immersed in Na2SO4 solution at 25 and 5 ◦C, respectively. The addition of TiO2 in mortars resulted
in an additional mass gain. After immersion for 84 days at 25 ◦C, 12% OPC and 12% slag-blended
mortars gained 3.01% and 1.41% mass, respectively, while 0% OPC and 0% slag-blended mortars
gained 2.19% and 1.06% mass, respectively. The increase in mass of mortars may be due to absorption
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of sodium sulfate solution and precipitation of gypsum and ettringite in pores and cracks. The effects
of TiO2 addition on the rate of mass increase were negligible in first few weeks but prominent at later
stages. The increase in mass was higher in mortars immersed in sulfate solution at higher temperatures.
The addition of slag refined pores and reduced capillary pores and their connectivity [6,32,33], hence
reducing the absorption of sodium sulfate solution. Therefore, nano-TiO2 containing slag-blended
mortars were less vulnerable to the formation of gypsum and ettringite and exhibited less expansion
and variation in mass.

 
(a) (b) 

Figure 7. Mass variation in nano-TiO2 containing OPC mortars immersed in 10% Na2SO4 solution at
(a) 25 ◦; (b) 5 ◦C.

 
(a) (b) 

Figure 8. Mass variation in nano-TiO2 containing slag-blended mortars immersed in 10% Na2SO4

solution at (a) 25 ◦C; (b) 5 ◦C.

3.3. Microhardness

The variation in Vickers hardness in OPC and slag-blended mortars immersed in 10% Na2SO4

solution at 25 ◦C is shown in Figure 9. It shows a greater loss of surface hardness with the addition
of nano-TiO2. This figure also shows that sulfate attack caused a greater loss of surface hardness
in nano-TiO2 containing OPC mortars than in nano-TiO2 containing slag-blended mortars. In OPC
mortars, most of the depth is affected and the peripheral area was softened with respect to the inner
depth, while in slag-blended mortars, the loss of surface hardness value extended up to 3 mm depth.
This indicates the resistance of nano-TiO2 containing slag-blended mortars to sulfate attack and an
increase in sulfate damage due to the addition of nanoparticles.
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(a) (b) 

Figure 9. Variation in microhardness along depth in (a) nano-TiO2 containing OPC mortars and
(b) nano-TiO2 containing slag-blended mortars immersed in 10% Na2SO4 solution at 25 ◦C.

3.4. Microcracks

Various cracks were formed on the surface of the specimens with respect to the axis of specimens,
including perpendicular, diagonal and parallel. These cracks were referred to as transverse, diagonal
and longitudinal, respectively. Cracks that changed direction from transverse to diagonal or
longitudinal were identified as random cracks. Map cracks, which run in different directions and
form hexagonal and irregular patterns on the surface of mortar, were also formed. At some points,
spalling had occurred in the form of pop-outs and conical depressions due to the surrounding of an
aggregate, or layer of the mortar, by a map crack. A representative view of the surface cracks formed
on the specimens is shown in Figures 10 and 11, all of which occurred as a result of sulfate attack.
Due to sulfate attack, transverse and diagonal cracks were numerous and wider than other types of
cracks, followed in severity by map cracks and longitudinal cracks. This suggests that expansion of
mortar samples is the dominant damage caused by sulfate attack. Table 3 shows the damage rating of
nano-TiO2 containing mortars on a scale from 0 to 7. The details of scale can be seen in the footnote of
table. Severity of cracks varied among mix proportions. For example, 12% and 9% OPC mortars were
severly damaged after 84 days compared to 3% and 0% OPC mortars. The same pattern was found in
slag-blended mortars.

Transverse crack Longitudinal crack Diagonal crack 

Random crack Map cracks and spalling Surface scaling and transverse crack 

Figure 10. A representative view of cracks formed on the surface of 12% OPC mortars observed under
a light microscope after 84 days of immersion in Na2SO4 solution at 25 ◦C.

105



Materials 2018, 11, 356

Transverse crack Longitudinal crack Diagonal crack 

Random crack Map cracks and spalling Surface scaling and transverse crack 

Figure 11. A representative view of cracks formed on the surface of 12% slag-blended mortars observed
under a light microscope after 84 days of immersion in Na2SO4 solution at 25 ◦C.

Table 3. Damage rating in nano-TiO2 containing OPC and slag-blended mortar specimens stored at 25
and 5 ◦C in Na2SO4 solution.

Name
25 ◦C 5 ◦C

0 Day 28 Days 56 Days 84 Days 0 Day 28 Days 56 Days 84 Days

0% OPC 0 1 3 4 0 1 2 3
3% OPC 0 1 3 4 0 1 2 4
6% OPC 0 1 3 4 0 1 3 4
9% OPC 0 2 3 5 0 1 3 4
12% OPC 0 2 4 6 0 2 3 5

0% slag-blended 0 0 1 2 0 0 1 2
3% slag-blended 0 0 1 2 0 0 1 2
6% slag-blended 0 0 1 2 0 0 1 2
9% slag-blended 0 0 2 3 0 0 1 2
12% slag-blended 0 0 2 3 0 0 1 2

0: No crack visible; 1: Slight cracks; 2: Some cracks; 3: Moderate cracks; 4: Severe cracks and some map
cracks; 5: Severe cracks and moderate map cracks; 6: Severe cracks and minor spalling; 7: Intensive cracks
and severe spalling.

3.5. XRD, SEM, EDS, TGA and DSC Analyses

Figures 12 and 13 show XRD graphs of the 0% and 12% OPC mortar and 0% and 12% slag-blended
mortars stored in saturated limewater and Na2SO4 solution after 84 days of immersion at 25 ◦C,
respectively. Ettringite, portlandite, quartz, calcite, anatase (TiO2), rutile, monosulfate and hydrated
tetra calcium aluminate were observed in XRD graphs of 0% and 12% OPC and slag-blended mortars
before immersion, as shown in Figure 12a,c and Figure 13a,c. Ettringite is a hydration product formed
due to the reaction of gypsum present in cement clinker and forms when concrete is in a plastic state.
Its formation provides dimensional stability to the mortar, as it compensates for chemical shrinkage.
However, its formation in later stages in hardened concrete is detrimental [34]. The peaks of portlandite
in the XRD pattern of slag-blended mortars (Figure 13a,c) were lower than OPC mortars (Figure 12a,c)
due to the reaction of slag with portlandite, which consumed them during a pozzolanic reaction. XRD
patterns of damaged OPC (Figure 12b,d) and slag-blended mortars (Figure 13b,d) showed new peaks
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of ettringite and gypsum after immersion in sulfate solution, existing peaks of ettringite were increased
and portlandite peaks were decreased in intensity. The appearance of new peaks of ettringite and
gypsum confirmed that expansion and cracking were due to the formation of ettringite and gypsum.
Although slag-blended mortars had more Al2O3 content than OPC mortars but they showed resistance
to sulfate attack than OPC mortars. In the case of hydration of slag, Al3+ is bound in calcium silicate gel
as C-A-S-H which shelters it form attack of incoming sulfate ions [35]. Furthermore, less monosulfate
is produced in slag mortars compared to OPC mortars [13]. Monosulfate serves as an important source
of Al3+ ions for the formation of ettringite after attack of incoming sulfate ions [13]. Therefore, less
ettringite is produced in slag blended mortars.

Figure 12. XRD pattern of OPC mortars (E = ettringite, G = gypsum, P = portlandite, Q = quartz, M =
monosulfate, T = TiO2 (anatase), R = rutile, C = calcite, CSH = calcium-silicate-hydrate).

Figure 13. XRD pattern of slag-blended mortars (E = ettringite, A = tetra calcium aluminate hydrate,
G = gypsum, P = portlandite, Q = quartz, T = TiO2 (anatase), R = rutile, C = calcite, CSH = calcium-
silicate-hydrate).
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SEM investigations were conducted at the low and high resolution on the deteriorated specimens
to investigate the internal microstructure deterioration. In the SEM image shown in Figure 14, aggregate
and cement paste can be seen. The gaps around aggregates are cracks and expansion in the interfacial
transition zone between the aggregate and cement paste. The cracks around the aggregates suggest that
a sulfate attack caused expansion in the interfacial transition zone and damaged the bond between the
aggregate and the paste. Cracks around aggregates in the outer zone are more prominent than cracks
around aggregates in the inner zone. This suggests that the deterioration in samples is concentric. As
samples were cylindrical, the peripheral zone was attacked first; expansive forces were then generated
near the surface, causing cracks around aggregates and in the cement paste. These microcracks
permitted the penetration of more sulfate ions into the microstructure. As incoming sulfate ions reacted
with interior hydration products and other susceptible compounds, new crystals of ettringite and
gypsum were formed in the air voids and in the cracks. As a result, the peripheral zone exhibited greater
deterioration than the core. The gaps were likely filled with ettringite and gypsum. Figures 15 and 16
show needle-like crystals of ettringite formed in the pores of cement paste and plate-like crystals
of gypsum. EDS analysis conducted on the ettringite and gypsum crystals is also shown in the
Figures 15 and 16. A crack around the gypsum crystals is given in Figure 16. This crack is likely
formed because of the crystallization pressure of gypsum.

(a) 
 

(b) 

Figure 14. SEM images of 12% OPC mortar after sulfate attack (a) Cracks are more visible in the
peripheral zone compared to the inner zone, visible crack on the outer side of aggregate 1 compared to
its inner side. (b) A crack originating from the outer surface moving toward the inner core.

 

Figure 15. SEM image and EDS analyses of ettringite crystals formed in pores of 12% OPC mortar
immersed at 25 ◦C in 10% Na2SO4 solution.
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Figure 16. SEM image and EDS analyses of gypsum in 12% OPC mortar immersed at 25 ◦C in 10%
Na2SO4 solution.

Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) analysis were
conducted on 0%, 6%, 12% OPC and slag blended mortars stored in saturated limewater and sodium
sulfate solution at 25 ◦C. Differential thermogravimetry (DTG) and differential scanning calorimetry
(DSC) curves for 12% OPC mortars stored in saturated limewater and Na2SO4 solution at 25 ◦C for
84 days is shown in Figure 17.

(a) (b) 

Figure 17. DTG and DSC curves in 12% OPC mortars stored in (a) saturated limewater; (b) 10%
Na2SO4 solution.

In Figure 17a, DTG curve shows two large peak peaks at 80 ◦C and 430 ◦C, these decompositions
peaks are due to the dehydration of ettringite and portlandite respectively [28]. But after exposure
to sulfate attack, the peak corresponding to the portlandite has been significantly reduced, a new
peak has emerged at about 130 ◦C. This new peak is due to the decomposition of gypsum which was
produced during sulfate attack. These new peaks can also be observed in XRD shown in Figure 12d.
Figure 18 shows the percentage of portlandite in mortars stored in saturated limewater (controlled
mortars) and Na2SO4 solution (damaged mortars) [28]. This figure shows that after sulfate attack,
reduction in CH content is proportional to the increasing amount of nano-TiO2. Enthalpy of ettringite
and gypsum corresponding to temperature 80–150 ◦C and portlandite corresponding to 400–500 ◦C
was calculated from DSC curves [36] and is shown in Figure 19. A decreasing trend in enthalpy of CH
in mortar samples after exposure to sulfate solution can be observed with the addition of nano-TiO2.
Enthalpy of ettringite and gypsum are shown in Figure 19b. Contrary to CH enthalpy, here an increase
in enthalpy can be observed with the addition of nano-TiO2 after sulfate attack.
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Figure 18. Portlandite content (%) in mortars stored in controlled and aggressive conditions.

(a) (b) 

Figure 19. DSC results for (a) portlandite peaks at about 440 ◦C; (b) ettringite and gypsum peaks at
90–140 ◦C.

Crystallization pressure is considered to be responsible for the mechanism of expansion in sulfate
attack [9]. When ettringite or gypsum crystals grow in a confined space, they exert an expansive force
on the walls of the pores. According to Scherer [37], crystallization pressure is inversely proportional
to the size of the pores. If the pores in which crystals grow are smaller in size, then the crystallization
pressure will be higher. When the crystallization pressure is greater than the tensile strength of the
mortar, the pores will expand and microcracks will occur. After microcracking, more sulfate ions will
enter the sample, reacting with portlandite and forming gypsum.

TiO2 is an inert material [14,38], it does not react with water, cement and incoming sulfate ions.
The nano-TiO2 particles act as nuclei for hydration reaction. The hydration products grow around
them and fill the voids, thus reduce the porosity [14]. Mercury intrusion porosimetry (MIP) studies of
nano-TiO2 containing cementitious materials [14,39–42] have shown that the addition of nano-TiO2

have refined their pores and the most probable pore diameters of cementitious materials have shifted
towards smaller pore diameters. As stated above that during sulfate attack, expansive products
(ettringite and gypsum) are created in the pores of the cement mortar and they create crystallization
pressure on the walls of pores. If the size of pores is smaller, the crystallization pressure will be
higher and vice versa. Here, the pore sizes were reduced due to the addition of nano-TiO2, so the
crystallization pressure was higher due to the formation of ettringite and gypsum crystals in pores
of nano-TiO2 containing mortars than control mortars. Secondly, the addition of nano-TiO2 particles
can reduce the tensile strength of mortar [15]; therefore, the addition of nano-TiO2 not only increased
crystallization pressure, which is a tensile force but also simultaneously reduced tensile strength,
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leaving mortars with nano-TiO2 more vulnerable to sulfate attack and salt crystallization pressure
than normal mortars. According to Santhanam et al. [43], the presence of voids can reduce expansive
stresses due to crystallization, which can reduce the number of cracks in the paste. The researchers [43]
observed a slower rate of disintegration in the air-entrained mortars than in the non-air-entrained
mortars. Therefore, nano-TiO2 containing mortars had less voids and more expansive stresses created
due to crystallization pressure in smaller size voids and were ultimately more damaged than mortars
without nano-TiO2. Lee and Kurtis [44] also concluded that the addition of nanoparticles increases the
salt crystallization pressure. In their study, mortars containing nanoparticles showed greater damage
due to salt crystallization than mortars without nanoparticles. TiO2 containing slag-blended mortars
were resistant to sulfate attack because slag reacts with portlandite to form calcium silicate hydrate [31].
It consumes portlandite and increases the amount of CSH in mortars. Additional hydrates are formed
in larger capillary pores and reduce pore connectivity [45]. This process likely reduced the porosity
and permeability of TiO2 containing slag-blended mortars and increased the compressive and tensile
strength of mortars [6]. The lower content of portlandite in slag-blended mortars can be observed
in the XRD pattern shown in Figure 13. The other reactive hydration products susceptible to sulfate
attack are monosulfoaluminate hydrate, calcium aluminate hydrate and calcium aluminate hydroxide.
These products were likely in lower quantities in slag mortars due to the absence of C3A clinker phases
in slag and these products are less reactive when present in slag [36]. As these phases are required for
the formation of ettringite, their lower quantities in slag are not sufficient to cause ettringite-related
expansion and cracking. The higher tensile strength of slag mortars (compared to OPC mortars) can
also resist the expansion due to the formation of ettringite so nano-TiO2 containing slag-blended
mortars were more resistant to sulfate attack than so nano-TiO2 containing OPC mortars.

4. Conclusions

In this study, we investigated the influence of titanium dioxide (TiO2) nanoparticles on the sulfate
attack upon ordinary Portland cement and slag-blended mortars. Nano-TiO2 containing mortars
were immersed in 10% Na2SO4 solution at 25 and 5 ◦C. The expansion, variation in mass and surface
microhardness were observed. Deteriorated samples were analyzed using XRD, SEM, EDS, TGA and
DSC tests. Based on the test results, the following points were concluded.

Deterioration due to sulfate attack occurred on all TiO2 containing mortars. The results show
that the addition of TiO2 has robust effects on the rate of sulfate attack on OPC and slag-blended
mortars. The extent of damage increases with the addition of TiO2 nanoparticles. It is recommended
that mortars and concrete structures containing TiO2 for self-cleaning and air purifying purposes
should be designed as sulfate resistant.

The TiO2 containing slag-blended mortars showed lower expansion, mass and surface hardness
changes and cracking. So, blast furnace slag can be used to reduce sulfate attack in nano-TiO2

containing mortars.
The TiO2 containing mortar and concrete structures exposed to higher temperatures are more

vulnerable to sulfate attack as the rate of expansion, mass variation and cracks were higher in mortars
stored at 25 ◦C temperature than at 5 ◦C. Specimens at lower temperatures take more time to match
the expansion of specimens at higher temperatures.

The rate and severity of sulfate attack on TiO2 containing cementitious materials should be
investigated by varying the factors like the type of cations of sulfate solution (K+, Mg2+, Ca2+), pH of
the solution and size of the specimens. Also, the influence of titanium dioxide on sulfate attack upon
other materials such as geopolymer concrete should be investigated.
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Abstract: ZnO-ZnS core-shell nanorods are synthesized by combining the hydrothermal method
and vacuum sputtering. The core-shell nanorods with variable ZnS shell thickness (7–46 nm)
are synthesized by varying ZnS sputtering duration. Structural analyses demonstrated that the
as-grown ZnS shell layers are well crystallized with preferring growth direction of ZnS (002).
The sputtering-assisted synthesized ZnO-ZnS core-shell nanorods are in a wurtzite structure.
Moreover, photoluminance spectral analysis indicated that the introduction of a ZnS shell layer
improved the photoexcited electron and hole separation efficiency of the ZnO nanorods. A strong
correlation between effective charge separation and the shell thickness aids the photocatalytic
behavior of the nanorods and improves their photoresponsive nature. The results of comparative
degradation efficiency toward methylene blue showed that the ZnO-ZnS nanorods with the shell
thickness of approximately 17 nm have the highest photocatalytic performance than the ZnO-ZnS
nanorods with other shell layer thicknesses. The highly reusable catalytic efficiency and superior
photocatalytic performance of the ZnO-ZnS nanorods with 17 nm-thick ZnS shell layer supports their
potential for environmental applications.

Keywords: sputtering; composite nanorods; shell thickness; photocatalytic activity

1. Introduction

The high electron mobility, wide and direct band gap (3.1 eV–3.4 eV) and large exciton binding
energy (60 meV) at room temperature spread various potential applications of ZnO [1]. Moreover, ZnO
is also a cost-efficient and environment-friendly material; therefore, it is promising for applications to
alleviate environmental problems. Photoexcited electron–hole pairs in ZnO under light irradiation
can interact with the O2 adsorbed on the surface of the ZnO photocatalyst and H2O to generate
O2

− and ·OH, respectively, which can reduce and oxidize the organic contaminants; the ZnO is
promising for photocatalytic applications [2]. Changing the morphology of ZnO is an efficient way
to enhance its photocatalytic efficiency. Various works have reported low-dimensional ZnO with
different morphologies in photocatalyst applications [3,4]. In these studies, ZnO nanorods are posited
to be a suitable architecture for photocatalytic applications [5]; moreover, ZnO nanorods coupled with
other semiconductors to form core–shell nanostructures are a viable strategy to realize the efficient
separation of photoinduced charge carriers in order to improve the photocatalytic performance of
the ZnO nanorods. The TiO2-coated ZnO nanorods, CdS-coated ZnO nanorods, and Sn2S3-coated
ZnO nanorods are reported to show superior photocatalytic performance than that of pure ZnO
nanorods [6–8]. In addition, ZnS is a wide bandgap semiconductor (3.6 eV) [9]. ZnS can be designed in
many forms, like particles, thin films, wires, rods, tubes, and sheets [10]. Recent work shows that ZnS
is also a promising photocatalyst [11]. It has been shown that the formation of hollow ZnO core-ZnS
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shell structure improves the photocatalytic activity of pristine ZnO [12]. Moreover, when compared
with ZnO spheres, the photocatalytic activities for methyl orange of the ZnO-ZnS core-shell sphere
structure is improved [13]. Theoretical calculations and experimental results have demonstrated that
the combination of the ZnO and ZnS wide bandgap semiconductors can yield a novel material that
has photo-induced threshold energy lower than that of the individual components [14]. Based on the
aforementioned discussions, the integration of ZnS into ZnO nanorods is a promising approach to
enhance the photocatalytic properties of the ZnO nanorods.

Covering ZnS shell layer crystallites onto the ZnO nanorods, a proper thin-film process of ZnS is
crucial to fabricate ZnO-ZnS core-shell composite nanorods with a successive architecture. Several
techniques, including sputtering [15], thermal evaporation [16,17], pulsed laser deposition, [18], and
chemical bath deposition [19] have been used to grow ZnS thin films. In particular, the sputtering
technique is the most promising method for up-scaling the growth system while maintaining a good
control of the deposition rate, so it is widely used in industrial applications [20,21]. In the present
study, ZnS crystallites with various thicknesses were sputtered onto ZnO nanorods to form ZnO-ZnS
core-shell heterostructured nanorods. The correlation between microstructures and photocatalytic
properties of the sputtering formation of ZnO-ZnS nanorods was investigated.

2. Materials and Methods

In this study, ZnO-ZnS core-shell nanorods with different ZnS shell layer thicknesses were
fabricated by sputtering ZnS thin films with different sputtering durations onto the surfaces of
hydrothermally derived ZnO nanorod templates. The synthesis of the ZnO nanorods consisted of two
steps corresponding to the formation of a ZnO seed layer and the growth of nanorods. In the first,
the ZnO seed layer was deposited on the 300 nm-thick SiO2/Si substrate by magnetron sputtering.
Subsequently, the substrates were perpendicularly suspended in a solution containing equimolar
(0.05 M) aqueous solutions of zinc nitratehexahydrate (Zn(NO3)2·6H2O) and hexamethylenetetramine
(C6H12N4). The hydrothermal reaction temperature was fixed at 95 ◦C and the duration for crystal
growth is 9 h. The as-synthesized ZnO nanorods have the average diameter of 135 nm. Moreover,
the average length of the ZnO nanorods is 1.36 μm. The ZnS shell layer was deposited on the ZnO
nanorods by radio-frequency (RF) magnetron sputtering of a ZnS target. ZnS film was deposited in
pure Ar ambient at 80 W under 2.67 Pa working pressure. The ZnS film growth temperature was fixed
at 460 ◦C. The thickness of the ZnS shell was varied by controlling the sputtering duration from 10 to
60 min.

Sample crystal structures of the ZnO-ZnS composite nanorods were investigated by X-ray
diffraction (XRD, Bruker D2 PHASER, Karlsruhe, Germany) using Cu Ka radiation. The surface
morphology of the composite nanorods was characterized by scanning electron microscopy (SEM,
Hitachi S-4800, Tokyo, Japan). The crystallinity and thickness of the ZnS shell layer were measured
by transmission electron microscopy (TEM, Philips Tecnai F20 G2, Amsterdam, The Netherland).
The rod-like thin film samples with a thickness of approximately 1.36 μm are used for the
room-temperature photoluminescence (PL) measurements. The Horiba Jobin Yvon HR 800 (Horiba
Scientific, Kyoto, Japan) with the 325 nm continuous wave He-Cd laser source are used in the emission
measurements. To measure photocurrent properties of the composite nanorods, solarlight irradiation
excited from a 100 W Xe arc lamp was used for illumination. Silver glues were laid on the surfaces of
the samples to form two contact electrodes, and the applied voltage was fixed at 5 V during electric
measurements. Photocatalytic activity of various ZnO-ZnS composite nanorods were performed
by comparing the degradation of aqueous solution of methylene blue (MB, 5 × 10−6 M) containing
various ZnO-ZnS nanorods as catalysts under solarlight irradiation excited from a 100 W Xe arc lamp.
The solution volume of MB is 10 mL and the ZnO-ZnS nanorods are grown on the substrates with a
fixed coverage area of 1.2 cm × 1.2 cm for the photodegradation tests. The variation of MB solution
concentration in the presence of various ZnO-ZnS nanorods with different irradiation durations
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was analyzed by recording the absorbance spectra using an UV-Vis spectrophotometer (Jasco V750,
Tokyo, Japan).

3. Results and Discussion

Figure 1a–d show the SEM images of the as-synthesized ZnO-ZnS core–shell nanorods with
various ZnS sputtering durations. Upon increasing the sputtering duration, a marked increase in the
diameter of the composite nanorods was visible. In the heterostructure systems of sputtering deposited
perovskite La0.7Sr0.3MnO3 epilayers on SrTiO3 substrates and (La,Ba)MnO3 films on SrTiO3 substrates,
a thicker film engenders roughening of surface morphology [22,23]. The lattice misfit between the
as-grown film and the underlayer material causes the marked thickness-dependent roughness scaling
effect. The ZnS and ZnO have the same wurtize hexagonal structure, but different lattice constants.
An increase in sputtering deposited ZnS shell layer thickness might cause increased layer surface
undulation. Figure 2a–d exhibit XRD patterns of the ZnO-ZnS composite nanorods with various ZnS
shell layer thicknesses. The intense Bragg reflection that was centered at approximately 34.4◦ is ascribed
to the ZnO (002). No other Bragg reflection from the ZnO was distinguished revealed that the highly
c-axis oriented feature of the ZnO nanorods. In addition to ZnO (002), an obvious Bragg reflection
centered at approximately at 28.6◦ is noticed which corresponds to (002) plane of wurtzite ZnS (JCPDS
No. 005-0492). The relative intensity of the ZnS (002) Bragg reflection increased upon increasing the ZnS
sputtering duration and no other Bragg reflection originated from other crystallographic planes was
observed. This indicates that hexagonal ZnO crystal provides well crystallographic accommodation
for the growth of hexagonal ZnS shell layers by sputtering deposition at 460 ◦C in this study [24].
By contrast, the zinc blend cubic ZnS phase is favorable to form at a low-temperature sputtering
process and the substrate type affects the crystallographic structure of ZnS [25]. It has been shown that
the ZnO-ZnS composites with various morphologies composed of hexagonal ZnO and cubic ZnS are
formed at other low temperature synthesis methods [12]. The sputtering growth of the ZnS shell layer
herein provides ZnS adatoms with sufficient energy to adsorb onto the ZnO facets and growth with the
similar crystallographic feature of the under-layered ZnO crystal at the given growth temperature [26];
therefore, the ZnO-ZnS composite nanorods with single hexagonal phase were formed.

 

Figure 1. SEM images of ZnO-ZnS core-shell nanorods with various ZnS sputtering durations:
(a) 10 min; (b) 20 min; (c) 40 min and (d) 60 min.
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Figure 2. X-ray diffraction (XRD) patterns of ZnO-ZnS core-shell nanorods with various ZnS sputtering
durations: (a) 10 min; (b) 20 min; (c) 40 min and (d) 60 min.

Figure 3a shows a low-magnification TEM image of a single ZnO-ZnS core–shell nanorod with
the ZnS sputtering duration of 10 min. An ultrathin ZnS layer was homogeneously covered over the
surface of the ZnO nanorod. The thickness of the ZnS shell layer is estimated to be approximately 7 nm.
Figure 3b,c show the high-resolution TEM (HRTEM) images of the ZnO-ZnS core–shell nanorod taken
from the different local regions at the ZnO-ZnS interface. The arrangement of lattice fringes of the shell
layer is visible and highly ordered and correlated with those of the ZnO core, revealing that the atomic
arrangement orientation of the ZnO and ZnS crystals is in a similar manner. The clear lattice fringes in
the HRTEM images with an inter-planar spacing of approximately 0.31 nm corresponded to the (002)
plane of the hexagonal ZnS structure. The arrangement of lattice fringes in Figure 3b,c demonstrates
the crystal orientations of the ZnO and ZnS match well along (002) plane. Figure 3d exhibits selected
area electron diffraction (SAED) pattern of the ZnO-ZnS nanorod. The SAED pattern shows that
both ZnO core and ZnS shell crystals are grown along c-axis direction. Because of the similar crystal
structure and the crystallographic growth orientation between the constituent compounds, the satellite
spots are visible. This is associated from the reconstruction of the diffraction from the overlapping
planes of the ZnO and ZnS [27]. The TEM analyses revealed that the ZnO-ZnS nanorod synthesized by
sputtering ZnS shell layer has a high crystallinity. Figure 3e displays low-magnification TEM image of
the ZnO-ZnS nanorod with 20 min sputtering growth of ZnS shell layer; the as-deposited ZnS shell
thickness is estimated approximately 17 nm. Moreover, Figure 3f demonstrates that the ZnS shell
layer still exhibited well-ordered arranged lattice fringes, revealing the highly crystallinity of the ZnS
crystallites. The energy dispersive spectroscopy (EDS) spectra in Figure 3g shows that Zn, O, and S
are the primary detected elements and no other impurity atoms are detected. Figure 3h,i display the
low-magnification TEM images of the ZnO-ZnS nanorods with 40 min and 60 min ZnS sputtering
durations; the outer gray-layer is originated from the ZnS. The thicknesses of the ZnS shell layer were
estimated to around 32 nm and 46 nm, respectively. The EDS spectra of the ZnO-ZnS nanorod with
a 46 nm-thick ZnS shell layer were also displayed in Figure 3j. Notably, since the ZnS shell layer
thickness was thickened by a prolonged sputtering process, the intensity of sulfur signal was markedly
increased compared with that shown in Figure 3g wherein the core-shell composite nanorod has a
thinner ZnS shell layer.
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Figure 3. (a) Low-magnification transmission electron microscopy (TEM) imageof ZnO-ZnS composite
nanorod with ZnS sputtering 10 min; the thickness of ZnS is approximately 7 nm; (b,c) The
corresponding high-resolution images obtained from the various regions of the composite nanorod;
(d) Selected area electron diffraction (SAED) pattern of the nanorod; (e) Low-magnification TEM
imageof ZnO-ZnS composite nanorod with ZnS sputtering 20 min, the thickness of ZnS is approximately
17 nm; (f) The corresponding high-resolution image obtained from the outer region of the nanorod;
(g) Energy dispersive spectroscopy (EDS) spectra of the nanorod; (h,i) Low-magnification TEM images
of ZnO-ZnS composite nanorods with ZnS sputtering 40 min and 60 min; the thicknesses of ZnS are
approximately 32 nm and 46 nm, respectively; (j) EDS spectra of the ZnO-ZnS nanorod in (i).

Figure 4 illustrates the PL spectra of the ZnO-ZnS core–shell nanorods with different ZnS shell
layer thicknesses. A sharp and distinct UV emission band was ascribed to the near-band edge (NBE)
emission of the ZnO nanorods [8]. Moreover, a broad and clear visible-light emission band centered
at approximately 570 nm was observed for the ZnO nanorods. This green-yellow band for visible
luminescence is due to the discrete deep energy levels in the band gap formed by the point defects [28].
Notably, the NBE emission intensity of the ZnO nanorods was quenched when the ZnS shell layer was
coated onto the surfaces of the ZnO nanorods. Moreover, the ZnO-ZnS nanorods with a 17 nm-thick
ZnS shell layer exhibited a substantial drop in NBE intensity when compared with other ZnO-ZnS
nanorods. Coating the surfaces of the ZnO nanorods with ZnS shell layer leads to fill up the oxygen
vacancies on the surface of the oxide nanorods with the S atoms. The intensity ratio of visible emission
band peak to NBE peak (ID/INBE) for the ZnO nanorods was 8.4%. The decoration of ZnS shell layer
(7 nm) onto the surfaces of the ZnO nanorods decreased the NBE peak intensity and the ID/INBE ratio
was also decreased to 3.8%. Further increasing the ZnS shell layer thickness, more S atoms fill up
more oxygen vacancies with an increased ZnS shell layer thickness and further decreases the ID/INBE

ratio to 2.1% and 1.8% for the ZnO-ZnS (17 nm) and ZnO-ZnS (32 nm), respectively. However, further
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thickening the ZnS shell layer to 46 nm, the position of deep level emission band of the ZnO-ZnS
nanorods was markedly red-shifted and exhibited a substantial increase in intensity (ID/INBE = 14.8%).
A lot of surface oxygen vacancies of the ZnO nanorods have been filled up with an increased ZnS shell
layer and this engendered a decreased deep level emission of the ZnO nanorods. The formation of a
thicker ZnS layer (46 nm), in contrast, might form more sulfur vacancies in the ZnS crystallites with
the prolonged sputtering duration, which resulted in the presence of visible deep level emission that
originated from the ZnS shell crystallites [29]. Comparatively, an optimal ZnS shell layer thickness of
approximately 17 nm was found to make ZnO-ZnS nanorods showing superior photoexcited charge
separation efficiency between the ZnO-ZnS heterointerface.

 
Figure 4. PL spectra of ZnO-ZnS composite nanorods with various sputtering ZnS thicknesses.

Figure 5a–e display photoresponse behaviors of the ZnO nanorods and various ZnO-ZnS
core-shell nanorods. The measured photocurrents increased as a function of time after the sample was
exposed to solar light, and successfully reached the steady-state value. The measured photocurrents of
the sample decreased over time in the absence of solar light. The ratio of solar light irradiated currents
(Ion) to dark currents (Ioff) is used to determine the photoresponse performance of the composite
nanorods [30]. Notably, the photoresponse of the ZnO nanorods is approximately 4.4. A substantial
enhancement of the photoresponse of the ZnO nanorods was observed for the surface decoration with
a ZnS shell layer. The conduction band energy level of ZnS is found to be energetically slightly higher
than that of ZnO [31,32]. A possible band alignment between the ZnO and ZnS was shown in the
inset of Figure 4 [33]. When the ZnO-ZnS nanorods were exposed to solar light, a large number of
photoexcited electron-hole pairs are formed in both ZnS and ZnO. The electrons are readily from the
conduction band of ZnS to the conduction band of ZnO. The well crystalline ZnO nanorods provide
a path for transporting electrons to the adjacent electrodes and an enhanced photoresponse was
observed for the ZnO nanorods coated with the ZnS shell layer. Similar photoresponse enhancement
mechanism has been reported in ZnO-Cu2O and ZnS-SnO2 heterostructure systems, wherein a similar
band alignment structure exists between the counterparts [34,35]. The photoresponse of the ZnO-ZnS
nanorods with the 7 nm-thick ZnS shell layer is approximately 138. An increase of the ZnS shell layer
thickness to 17 nm makes the ZnO-ZnS nanorods exhibit the highest photoresponse of approximately
358. However, further thickening the ZnS shell layer to 32 nm and 46 nm, by contrast, decreased the
photoresponses of the ZnO-ZnS composite nanorods to 34 and 18, respectively. The photoresponse of
nanorods is largely affected by the number of surface adsorbed O2 and H2O molecules [36]. The shell
layer thickness has been shown to affect photocurrent size of the heterostructure systems. It has been
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shown in the ZnO-TiO2 composite nanorods with various TiO2 shell layer thicknesses, an increased
coating cycle number of TiO2 shell layer engenders the photoexcited electrons produced in the shell are
trapped by the adsorbed oxygen molecules on the surface of TiO2, and thus could not be transferred
to ZnO. This results in a large drop in the photocurrent in the ZnO-TiO2 system [37]. In addition,
the ZnO-ZnS core-shell nanorods herein also display shorter response time and recovery time than
those of pure ZnO nanorods. The response time was 68 s and the recovery time was 108 s for the
ZnO nanorods. However, the response time and recovery time of the ZnO-ZnS (17 nm) was markedly
shortened to 30 s and 78 s, respectively. This is associated with the charges combined with type-II
band structure between ZnO and ZnS, which can easily separate the photoexcited electrons and holes
into the ZnO core and ZnS shell, respectively. Notably, the PL analysis result revealed that the charge
separation efficiency of the ZnO-ZnS was substantially improved with the 17 nm-thick ZnS shell layer;
this is correlated with the highest photoresponse of the ZnO-ZnS (17 nm) herein.

 

Figure 5. Photoresponse curves of various nanorods: (a) Pure ZnO; (b)ZnO-ZnS (7 nm); (c) ZnO-ZnS
(17 nm); (d)ZnO-ZnS (32 nm); (e) ZnO-ZnS (46 nm).

The photocatalytic performance of ZnO-ZnS nanorods with various ZnS shell layers under light
irradiation was further investigated. The time-course absorbance spectra for an aqueous MB solution
after photodegradation containing various ZnO-ZnS nanorod samples are displayed in Figure 6a–d.
The visible and intense peaks of the absorbance spectra at approximately 663 nm were due to the
monomeric MB; the intensity of absorbance spectra decreased with irradiation time. This result
indicates that MB dyes are gradually degraded under irradiation. The ratio of the remaining MB
concentration (C) after light irradiation to the initial MB concentration without light irradiation (Co)
i.e., C/Co was further used to determine the photodegradation level of the MB solution containing
various nanorod samples. The C/Co value was evaluated from the absorbance spectra intensity
ratio at 663 nm before and after the MB solution was subjected to irradiation with various nanorod
samples. The C/Co versus irradiation duration results for the MB solution containing various nanorod
samples are shown in Figure 6e. Notably, dark adsorption tests were performed for various durations
before the photocatalytic degradation tests under irradiation. The MB concentration changes in dark
conditions are influenced by the adsorption of MB dyes on the surfaces of various nanorod samples.
Notably, photoexcited electrons or holes in the ZnO-ZnS nanorods were transferred to the active
surface and join in the redox reactions. The producing hydroxyl radicals were strong oxidizing agents
and effectively decomposed the MB dyes [38]. Under the given irradiation duration, the complex
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ZnO-ZnS (17 nm) nanorods show much greater photocatalytic activity in the decomposition of MB
when compared to other ZnO-ZnS nanorods. Almost 90% of the MB solution containing ZnO-ZnS
(17 nm) nanorods was discolored under irradiation for 60 min. However, only 75%, 60%, 52%, and 40%
MB solution were discolored containing ZnO-ZnS (7 nm), ZnO-ZnS (32 nm), ZnO-ZnS (46 nm), and
ZnO nanorods, respectively, under irradiation for 60 min. Further extended the irradiation duration to
75 min, the discoloration level of MB solution containing ZnO-ZnS (17 nm) reached a balance value
of 90%, revealing that most MB dyes in the solution were degraded in the presence of the ZnO-ZnS
(17 nm) nanorods under irradiation after 60 min. By contrast, the discoloration level of the MB solution
containing other nanorods was further increased and did not reach a balance value. The complex
ZnO-ZnS (17 nm) nanorods exhibited the suitable shell thickness of ZnS to enhance electron–hole
separations at the interface of ZnO-ZnS, resulting in the highest photocatalytic efficiency. The similar
improvement in photocatalytic efficiency and stability of the SnO2 has been achieved in coupling SnO2

with ZnS to form a heterostructure. The efficient separation of hole–electron pairs at the SnO2-ZnS
heterointerface has posited to suppress photoexcited charge recombination and inhibit photocorrosion
of SnO2-ZnS nanocomposites [39]. The PL results and photoresponse performance of the ZnO-ZnS
(17 nm) nanorods supported the superior photocatalytic activity of the ZnO-ZnS (17 nm) nanorods,
herein. Notably, the substantial decrease in the absorbance peak intensity in the UV region is associated
with the mineralization of the MB dyes during the photodegradation process [7]. The trend that the
larger intensity decrease level of the absorbance peak in the UV region for the MB solution containing
ZnO-ZnS (17 nm) nanorods at the given irradiation duration is in accordance with the observations
on discoloration degree of the MB solution containing various nanorod samples. The stability and
reusability of the ZnO-ZnS (17 nm) nanorods were evaluated by performing recycling reactions three
times for the photodegradation of the MB solution under irradiation. In Figure 6f, after three cycles,
the ZnO-ZnS (17 nm) nanorods maintain the high reusability and stability; an approximately 90%
photodegragation of the MB solution was observed. The ZnO-ZnS (17 nm) nanorods are advantageous
in the applications of photocatalyst for organically polluted water treatment.

 
Figure 6. Intensity variation of absorbance spectra of MB solution vs. degradation duration containing
various ZnO-ZnS nanorods with different sputtering ZnS thicknesses: (a) 7 nm; (b) 17 nm; (c) 32 nm;
(d) 46 nm; (e) C/Co vs. irradiation time for MB solution containing various ZnO-ZnS nanorods in
dark conditions and under solarlight illumination. For comparison those of pure ZnO nanorods are
also shown in the plot. (f) Recycled photodegradation performances (three test runs) of MB solution
containing the ZnO-ZnS (17 nm) nanorods.

121



Materials 2018, 11, 87

4. Conclusions

We have effectively demonstrated the photocatalytic properties of shell thickness controlled
ZnO-ZnS core-shell nanorods, formed through sputtering ZnS thin films with different sputtering
durations onto the surfaces of ZnO nanorod templates. The crystal structure analyses revealed that
the shell layer is well crystallized, with preferring growth direction of ZnS (002). This indicates that
hexagonal ZnO crystal provides well crystallographic accommodation for growth of hexagonal ZnS
shell layers by sputtering deposition at 460 ◦C, herein. Among various ZnS shell layer thicknesses, the
ZnO-ZnS nanorods with the 17 nm-thick ZnS shell layer exhibited the highest photoexcited charge
separation efficiency; therefore, displayed the highest photodegradation level to MB dyes. Moreover,
the ZnO-ZnS (17 nm) nanorods maintained the high reusability and stability after three cycles
degradation. The results herein imply that the control of sputtering deposited ZnS shell layer thickness
and crystallinity is an efficient approach to optimize the charge separation efficiency of ZnO-ZnS
core-shell nanorods, and, therefore, improving photocatalytic activity of the composite nanorods.
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